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Preface

This book is the light at the end of a long tunnel.
It was not one of the dark tunnels, though, but one
of those you may find in highlands, with numerous
open parts en route where you can stop, breathe
fresh air, enjoy the view, and ensure yourself and
others that you know where you are and where you
are going.

The notion that steady-state representation of
aquatic ecosystems provides a good starting point
for modelling of fisheries resources was clear from
the early 1980s on to one of us. Later in the mid-
1980s, when Jeff Polovina presented his profound
work on the French Frigate Shoals and the steady-
state model he called ECOPATH, the skeleton of a
useful tool emerged. Jeff has described what
happened around the French Frigate Shoals project
rather nicely in his foreword below. To carry on his
initiative was not a quick process, but you can now
see at least one result. Surely the start was slow. It
took a lot of talking, explanation and persuasion, to
get going, and of course our activities on other fronts
didn’t help to speed up the process.

The first result of the exercises we obtained is
presented below in the section on "Definition and
Construction of Ecosystem Models". This is a paper
on construction and parametrization of ecosystem
models, which originally was presented at aworkshop
in Kuwait in 1987. In this paper, the concept of the
original ECOPATH model was re-interpreted, and
the foundation was presented for what has since
developed into an easily accessible tool for
construction, parametrization, and balancing of
steady-state models. In addition, another step was
taken through adaptation of the network-flow
analysis presented by theoretical ecologists, notably
by Robert E. Ulanowicz. The paper from the Kuwait
meeting had never been published. It was in press in
the Kuwait Bulletin of Marine Research at the time
ofthe invasion of Kuwait. Therefore, wehave decided
to include it here, largely unmodified as the first
application of what was called the ECOPATH II
model. )

In the most recent years, the pace of development
has increased. One major step was the kind offer
from the International Council for the Exploration
of the Sea (ICES) to the present editors to convene a
Poster Theme Session on “Trophic Models of Aquatic
Ecosystems” at the Statutory Meeting of ICES in
Copenhagen in October 1990. In the process of
planning this Theme Session, we contacted a large

number of scientists around the world and many
responded with a commitment. The result was some
46 contributions from all over the world. Ecosystems
as diverse as ponds, lakes, lagoons and shelves
covering all latitudes and salinities were presented.
It was noteworthy that a large proportion of the
contributions were prepared using the first release
of the ECOPATH 11 software, which we had rushed
to distribute some months before the ICES meeting.

The present publication presents a large
proportion of the contributions to the ICES Theme
Session on “Trophic Models of Aquatic Ecosystems”.
In addition, we invited a number of scientists to
contribute papers later in order to enrich and add
diversity to the book. We hope you will find that we
have succeeded in this.

You will find, in this book, contributions by very
experienced ecosystem modellers. These are,
however, vastly outnumbered by contributions from
scientists who had never before published anything
resembling an ecosystem model. We have heard that
many found it appealing to take the step from
assembling and analyzing data on a single-species
basis to gathering all available data from an area.

In the course of preparing this book, we
encountered considerable and very positive
interactions with the authors. This led to
improvement of the ECOPATH II system and of
many of the contributions included here. We were
happy to learn from several of our colleagues that
the exercise was fruitful for the cooperation achieved
internally at their laboratories.

Many chapters are multiauthored. To derive
these models, scientists from various fields had to
share the burden. Some even found that information
from other fields (e.g., predator consumption) could
provide useful input to their own (e.g., prey
productivity). We send our warmest thanks to the
103 authors.

We would also like to mention that most of the
models in the book-all those using ECOPATH 11 -
were offered extra attention from our side. We realize
that by pushing the authors to standardize their
models in order to facilitate comparisons across
ecosystems, we caused problems and extra work for
many. We hope, however, that they will forgive us
and that our interaction was useful. Certainly, it
was an enriching and encouraging experience for us.

A number of distinguished scientists helped to
improve the quality of the contributions in this book



(Appendix 5). We appreciate their time and effort in
reviewing the contributions. Special thanks go to
Robert E. Ulanowicz and Sven E. Jorgensen, both of
whom were willing to read the draft of the entire
book, and give us their comments. Thanks also to
Sandra Gayosa of ICLARM who over the past three
years had the major task of keeping track of the
many manuscripts and the correspondence with
authors and reviewers. In addition she has checked
the calculation and designed most of the flowcharts
in the book.

We also wish to thank ICES, and especially the
ICES Secretariat. The offer to convene the Theme
Poster Session and to use the ICES apparatus gave
us the possibility of establishing contact with a wide
array of scientists and to enjoy the benefits of a well-
organized meeting. Before, during and after the

ICES meeting, John Pope, then Chairman of the
ICES Consultative Committee, contributed greatly
to making the event successful.

Thanks to an invitation from the Danish
International Development Agency (DANIDA), three
scientists from Asia were invited to participate in
the ICES meeting. In addition, the Norwegian Agency
for Development Cooperation (NORAD) supplied
funding for a colleague from Mozambique, Africa.
Last, but certainly notleast, thanks and appreciation
to DANIDA, and especially to Ebbe Schigler, Head of
its Research Department, for seeing the potential in
the approach presented here, for continuous funding
of the ECOPATH II project at ICLARM, and for
ever-pleasant interactions. This book is one result of
their support.



The First ECOPATH

J.J. POLOVINA
Honolulu Laboratory
Southwest Fisheries Science Center
National Marine Fisheries Service, NOAA
2570 Dole St., Honolulu
Hawaii 96822-2396, USA

ecosystems. ICLARM Conf. Proc. 26, 390 p.

When I joined the Honolulu Laboratory in the fall
of 1978, it was active in a multiagency resource
assessment program with considerable effort directed
toward the study of the ecosystem at French Frigate
Shoals, an atoll near the center of the Northwestern
Hawaiian Islands. Although specialists were
estimating biological parameters for each component
of the ecosystem, no one had attempted to put all the
components together to construct a quantitative
picture of the atoll’s ecosystem. I was assigned that
task by the laboratory director at that time, Richard
Shomura.

I was aware that Taivo Laevastu and his
colleagues at what is now the Alaska Fisheries
Science Center in Seattle had an ecosystem model
for the Bering Sea (Laevastu and Larkins 1981), so
I paid them a visit to determine whether their model
might be appropriate for our tropical coral reef
ecosystem. It quickly became clear that the
information needed for Laevastu’s model greatly
exceeded the information that would be available for
the French Frigate Shoals studies; hence, a much
simpler model was needed. I simplified Laevastu et
al’sbiomass budget approach by developing a system
of simultaneous linear biomass budget equations to
balance biomass production and loss.

I felt fairly comfortable working with the simple
ECOPATH approach because most of the major
components of the ecosystem at French Frigate
Shoals were being studied; thus, [had good parameter
estimates and expertise to validate the model’s
approach and output. The cooperation and support
from all the researchers were fantastic even though
at times it appeared painful for a scientist - trained
to measure biological parameters specific to species,
age, and sex - to give parameter estimates aggregated
over an entire species group. Once ECOPATH
estimated the biomasses and production for the
components of the atoll, these estimates were

compared with the available estimates from field
data. The best field estimates were for primary
production. The agreement between the model’s
estimate of primary production and the field data
was excellent. No one was more surprised than I.
Further checks between the model’s estimates and
some field estimates generally showed good
agreement (Polovina 1984). Thus the objective of the
modelling work - to bring together common
information from studies on the components of the
ecosystem to construct a quantitative picture of the
atoll’s ecosystem structure - was achieved.

After fitting ECOPATH to the French Frigate
Shoals data and publishing the results, I was con-
tent to let ECOPATH languish in the literature. I
was busy elsewhere and I had doubts about
ECOPATH’s acceptance, given some criticism that
the model was overly simplistic. After I described
ECOPATH and its application to Daniel Pauly in
1983, he exclaimed that such a model was exactly
what was needed to construct ecosystem box models.
To some people, the simplicity meant the model
could be widely applied to take advantage of the
power of comparative studies. He told me that if I
made ECOPATH user-friendly and wrote a user’s
manual, he would see that it was applied around the
world. I did my part and he certainly did his. For
several years, the requests I received for ECOPATH
material often arrived in batches by country; thus, I
could track the locations of Daniel’s seminars on
ECOPATH.

Although the objective ofthe ECOPATH approach
is to describe ecosystem structure, future work might
consider looking at a time dimension for some insight
into the dynamics of ecosystems. For example, when
I was developing ECOPATH, 1 felt that a time
dimension, such as the mean generation time of each
component of the ecosystem, contained useful
information about the dynamics of the system. Within



an ecosystem, mean generation time and trophic
level are likely to be positively correlated, but mean
generation time at the same trophic level may vary
considerably between different ecosystems. This
variation may be important in understanding the
differences in dynamics between ecosystems. Thus
ECOPATH II users might consider using estimates
of mean generation time as an axis in some of the
output - for example, displaying the distribution of
biomass or production as a function of generation
time.

To go further, it might be possible to use the
structure of the box model estimated from ECOPATH
II as the input to construct a dynamic ecosystem
model by using a particle tracking simulation ap-
proach. Particle tracking models are used to simu-
late the dynamics of particle movement in space and
time as functions of a production, advection, and
diffusion grid (Okubo 1980). Since an ecosystem can
largely be described by the movement of particles of
energy between the different components, the box
model produced by ECOPATH II might be thought
of as an advection and diffusion grid. If the mean
generation time or some other time dimension is
added to each box, then it might be possible to
simulate the temporal movement of energy through
the ECOPATH II ecosystem grid by coupling it with

a particle tracking model that uses primary produc-
tion as input and tracks the movement of discrete
packets of energy through the ecosystem grid.

With its strong theoretical foundation and much
improved computation, ECOPATH II represents a
major advance from ECOPATH. Villy Christensen
and Daniel Pauly are to be congratulated for their
considerable efforts which resulted in a tool that, as
indicated by this book, will contribute to significant
advances in our understanding of ecosystems. Spe-
cifically, comparative studies of ecosystems which
have long been advocated will now, with ECOPATH
II, be easier to achieve and interpret and, I believe,
will prove as useful as envisioned. ECOPATH cer-
tainly has come a long way, and as this book indi-
cates, the future for ECOPATH Il is very promising
indeed.
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Inventing the Ecoscope

R.E. ULANOWICZ
University of Maryland
Chesapeake Biological Laboratory
Solomons, Maryland 20688-0038, USA

ULANOWICZ, R.E. 1993. Inventing the ecoscope, p. ix-x. In V. Christensen and D. Pauly (eds.) Trophic models of

aquatic ecosystems. ICLARM Conf. Proc. 26, 390 p.

When asked what analytical methods one should
employ to investigate the behavior of whole
ecosystems, most ecologists likely would point to
simulation modelling as the avenue of choice. Sensing
the potential of this tool and its growing popularity
in other realms of ecology, the governors of the
Scientific Committee for Oceanic Research (SCOR)
invoked in 1977 a Working Group (WG#59) to assess
the potential that simulation modelling offered to
biological oceanographers. The ensuing critique
(Plattet al. 1981) wasless than aringing endorsement
of mathematical modelling. The Group encouraged
the use of mathematical models to quantify isolated
biological processes, such as photosynthesis by algae
orfilter feeding by mesocrustaceans. Single processes
often were dominated by one or a few controlling
parameters, and frequently models of the
mechanisms behind these processes yieldreasonably
accurate predictions.

As the horizons of biological models are expanded
to include multiple process, however, their track
record of predicting system behavior quickly wanes.
Many ecologists still believe that all that is necessary
to achieve acceptable predictions from whole
ecosystem models are more precise parameter
estimates and greater resolution into component
processes. The Working Group warns against false
optimism in this regard, pointing out that prediction
ability more often than not erodes as models are
resolved into finer components. They warned that
the underlying idea of ecosystems as a mechanical
clockwork (an implicit assumption of all coupled
process modelling) is flawed, possibly fatally so.

Criticism is a relatively easy task, and the Group
was anxious lest biological oceanographers get the
mistaken message that it is futile to attempt to
describe whole marine ecosystems in quantitative
fashion. WG#59 thus set about to recommend other
avenuesviawhich investigators could quantitatively
describe biological communities. One of their
recommendations was that biologists have placed

too much emphasis on stocks of organisms and
chemicals and not enough on the more difficult to
measure processes that link populations together.
Accordingly, the Group sponsored a North Atlantic
Treaty Organization (NATO) Advanced Research
Institute to foster greater awareness of the
importance of measuring and describing material
and energy flows among ecosystem compartments
(Fasham 1984).

Iwasan active member of WG#59 and its successor
WG#73, Ecosystem Theory in Relation to Biological
Oceanography, and our consensus to encourage
research on ecosystem flows engendered a major
shift in my own research directions. I was aware
that merely assembling flow measurements into
“spaghetti diagrams” or “bird’s nests” rarely leads to
significant new insights into ecosystem functioning.
Absent for the most part were methods for appraising
such diagrams in systematic and analytic fashion.
My first “discovery” lay in finding a way to quantify
what could be called the dual features of activity
level and organization that lie inherent in every flow
diagram. I was enthralled to find that increases in
the measure I called “network ascendency”
(Ulanowicz 1980, 1986) appeared to encapsulate
most of the attributes of developing ecosystems that
had been enumerated by Eugene Odum (1969).

Encouraged by what I perceived to be a new way
to look at ecosystem development, I searched for
other ways to make sense of the jumble of transfers
that occur in any ecosystem. One method for
quantifying indirect bilateral transfers in ecosystems
had been borrowed from economic analysis by
Hannon (1973). Janusz Szyrmer and I were able to
reformulate this “Input-Output” methodology so as
better to address the particular concerns of the
ecologist (Szyrmer and Ulanowicz 1987).
Furthermore, with encouragement from Michael
Kemp, I was able to transform most complicated
webs of exchanges into something that resembles
Lindeman’s “trophic pyramid,” or linear chain of



transfers via discrete trophic levels
(Ulanowicz and Kemp 1979; Ulanowicz, in
press). Finally, 1 spent much effort
finding a way to identify and isolate the
pathways for recycle within a network of
flows (Ulanowicz 1983).

I assembled these four basic network analyses
into one computer package, NETWRK (Ulanowicz
and Kay 1991). Meanwhile, WG#73 sponsored a
workshop to test evolving methods (including
NETWRK) for analyzing ecological flow networks
(Wulff et al. 1989). However, it soon became obvious
to all concerned that developments in theory and
methodology were fast outpacing the acquisition of
full data sets with which these methods could be
tested and exercised. To find data on each and every
exchangein an ecosystemis alaborious and too often
an impossible task. If any progress were to be made
in characterizing ecosystem function via their
network configurations, some way had to be found to
interpolate and/or extrapolate from an incomplete
ensemble of available data on a particular network
to its full complement of flow values.

The development of such “inverse methods” was
already underway within WG#73 (e.g., Vezina and
Platt 1988; Vezina 1989), unfortunately without any
knowledge of the earlier accomplishments of J. J.
Polovina et al. in creating ECOPATH. Drs. Pauly
and Christensen, however, were quite aware of the
potential of Polovina’s methods and astutely decided
that what was needed was to put ECOPATH into a
“user-friendly” form and to promulgate its use among
that diverse network of aquatic ecologists worldwide
with whom ICLARM maintains close contact. The
result was ECOPATH 1II - the foundation upon
which this book is based - and the motivation they
provided their associates to use the package was the
ICES poster session held in Copenhagen. I had been
unaware that they were circulating some of my
analytical methods as part of ECOPATH II, when
one day a parcel appeared in my mailbox containing
some 50 or more quantified foodwebs, replete with
accompanying ascendencies. It was perhaps the
most startling and gratifying moment of my
professional career.

The heavens were opened to us by Galileo and his
telescope; the world of microbes by Pasteur and his
microscope. It may not be much of an exaggeration
to say that the realm of ecosystems is being opened
to us by Polovina, Pauly and Christensen through
their “ecoscope”. For that is what ECOPATH II and
its associated analyses represent - a macroscope
through which to view the structure and functioning
of entire ecosystems. Anytime the barriers to
observing a new scale of phenomena fall, a flurry of
exciting discoveriesinevitably follows. For now vision
through the ecoscope may be akin tolooking “through

a glass darkly,” but the picture is certain to sharpen
during the next few years.

For my own part, I am confident that what we are
seeing through the ecoscope is no clockwork. Nor is
it, as Clements suggested, an organism. It is an
“organic system,” which is to say that certain
components behave in mechanical fashion, whilst
the ensemble as a whole possesses a “propensity”
(Popper 1990) to develop in a particular direction.
What is most important is that this propensity is in
some measure autonomous of the specific nature of
its parts.

Currently our attention is focused on the structure
of organic systems. Perhaps the best analogy to the
present state of affairs in ecosystem research is that
we are at the point where medicine was at the time
of Leonardo Da Vinei and his marvelous drawings of
the human anatomy. It is thus that the burgeoning
endeavor of comparing ecosystem networks might
aptly be called “comparative ecosystem anatomy”
(Wulff and Ulanowicz 1991). In due time the
ecosystem's counterpart to physiology will emerge,
but for now thisbook represents the largest exposition
to date of models that can be used by both
practitioners and theoreticians alike.
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Abstract

An improved version of J.J. Polovina’s ECOPATH program for the construction of steady-state multispecies
ecosystem models from fisheries datais presented. This new version, called “ECOPATH I1,” differs from the original,
aside from being more user-friendly, in a number of important features, among others: (1) use of a “generalized
inverse” matrix routine allowing the system of linear equations used to estimate model parameters to be over- or
slightly underdetermined; (2) estimation of (almost) any set of unknowns and not only of biomasses; (3) explicit
consideration of respiratory, egestive and excretory losses (with defaults provided for inputs) and of the detritus
pathways; (4) estimation of numerous derived quantities on species group or whole-system basis, such as gross and
net efficiencies, trophiclevels, food electivity, pathways and cycles involving any groups and “ascendancy” sensu R.E.
Ulanowicz. The preliminary version of an empirical multiple regression model for the estimation from easy-to-
estimate parameters of relative food consumption by fish populations is presented; this model provides reasonable
values of the input into ecosystem models that were to date most difficult to estimate. An application to the coral reef
ecosystem of French Frigate Shoals (Hawaii) is presented, along with some suggestions as to how this methodology

could be applied to Kuwait waters.

Introduction

In the last ten years, i.e., since the creation of the
Mariculture and Fisheries Department of the Kuwait
Institute for Scientific Research (KISR), a vast amount
of biological information on the various fisheries
resource species of Kuwait has become available (see,
e.g., contributions in Mathews 1985) which deepened
previous, less focused knowledge on the fishery
resources of the gulf (e.g., FAO 1981a, 1981b).

This information, gathered to answer fisheries
management questions, was recently complemented,
moreover, by numerous basic studies on the
oceanography and marine biology of the gulf,

*ICLARM Contribution No. 627. Presented at the Ninth Shrimp
and Fin Fisheries Management Workshop, 7-9 December 1987,
Kuwait.

especially its inner part (e.g., Halwagy et al. 1986
and contributions therein).

We think that the time has come, therefore, for a
modelling effort to synthesize this information,
identify crucial knowledge gaps and eventually allow
for a fisheries management scheme to emerge in
Kuwait which would consider all major resource
species simultaneously. Such scheme would, for
example, consider the biological (and economic)
effects of either exploiting or of not exploiting fish
known to consume large quantities of penaeid
shrimps (Pauly and Mathews 1986; Euzen 1987;
Pauly and Palomares 1987).

This contribution presents arecently developed
methodology and related computer program, called
“ECOPATH II” for straightforwardly constructing
and validating steady-state ecosystem models,
as could be used along with the generalizations
in Appendices A - D to construct a model of the
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ecosystem upon which Kuwait shrimp and fin
fisheries depend.

Description of a New Model

ECOPATH 1II is derived from the ECOPATH
program of Polovina and Ow (1983) and Polovina
(1984a, 1984b, 1985, 1986). The latter may be viewed
as asystem of biomass equations which for any given
group (group of) species (i) can be represented for
any time interval by

Production by (i) - all predation on (i) - nonpredation
losses of (1) - catch of (i) = 0, for all i w1)

As described by Polovina (1984a, 1985), the
ECOPATH model “expresses each term of the budget
equation as a linear function of the unknown mean
annual biomass (B,s), so the resulting biomass
budget equations become a system of simultaneous
linear equations”. The inputs needed for ECOPATH
are few and these will be presented further below
and contrasted with those required by ECOPATH
II. We shall first note here, however, five features of
ECOPATH II in which it differs markedly from its
predecessors:

1. Thematrix inversion routine builtin ECOPATH
and used for solving the system of linear equations
cannot handle surplus information, i.e., cannot
handle a situation where the system is
“overdetermined”in that there arelessunknowns
than equations (or “i’s”). Also, ECOPATH as
implemented in Polovina and Ow (1983), can
handle only up to 20 groups while ECOPATH II
can handle up to 50.

2. Thedescription of ECOPATH cited above appears
to imply that the system of equations “linear in
the B,’s” may be solved only for the biomasses.
This is obviously not so and, presumably, J.J.
Polovina chose this solution because it was the
one he needed for the system he was working on.

3. ECOPATH does not explicitly consider
respiratory, egestive or excretory losses (i.e., the
flows into and out of a group’s “box” need not be
balanced).

4. No check is made as to whether the model
outputs (i.e., estimated biomasses and flows) are
mutually compatible and thermodynamically
possible.

5. The outputs are underutilized; no use is made of
the rich, theoretical developments now available
to interpret systems of biomasses and flows (see
Platt et al. 1981; Ulanowicz and Platt 1985;
Ulanowicz 1986).

To deal with (1), we have incorporated into

ECOPATH II a “generalized inverse” routine

(Mackay 1981) which allows for the system of
equations mentioned above to be solved even when
the number of equations (i.e., of i’s) and the number
of unknowns are unequal. This routine, which
resolves a problem addressed, but not solved, by
Polovina (1986), computesleast-square estimates of
the unknowns when the system of equation is
overdetermined. As an added bonus, this routine
also provides (non-unique) solutions when the system
is slightly underdetermined.

To deal with (2), we have incorporated into
ECOPATH 1II routines such that (with few
exceptions) any parameter may be unknown and
hence estimated by the program. Thus, when
biomasses are known, other parameters such as
e.g., production/biomass (P/B) ratios, or relative
food consumption may be estimated, given sufficient
degrees of freedom.

To deal with (3), we have incorporated into the
interactive entry routine of ECOPATH II, for all
consumers, arequest for the percentages ofingestion
that are lost due to egestion (feces) and to excretion
(urine), and provided default values of 15% and 5%,
respectively(Winberg 1956). The entries (or defaults)
are subsequently used for the computation of net
conversion efficiencies (see below) and of the flows
to the “detritus box”. Detritus is derived from
nonpredatory “leaks” (including egestion and
excretion) of organic carbon (or other substances,
see below) from any trophic level.

To deal with (4), ECOPATH II was provided with
checks for 1’s that do not balance, i.e., production
larger than or equal to food consumption is
unacceptable for any i. Such simple verification
appears particularly useful in the case of models in
which numerous species occur and in which
thermodynamically impossible “knots” can remain
long undetected. Also, ecotrophic efficiency (EE),
which is, throughout, a required input for
ECOPATH, may be an output of ECOPATH II,
depending on whether the two sets of equations for
estimating production balance or not (see below).

To deal with (5), finally, we have (a) added to our
program a number of routines for computing a
variety of straightforward statistics and (b)
incorporated into the listing of ECOPATH II the
routines adapted from Ulanowicz (1986) for the
computation of the “ascendancy” and related
statistics of an ecosystem.

Some of the straightforward statistics derived
from each group - except for primary producers and
in addition to the biomass and flows already
estimated by the original ECOPATH - are:

e gross conversion efficiency (= production/
ingestion);

¢ net conversion efficiency (= production/ingestion
- egestion);



¢ mean trophic level (= 1 + trophic level of preys,
weighted over all preys by the amountsingested);

s omnivory index (= variance of mean trophic
level);

s Ivlev’s electivity index (I), defined for prey item
j of species (group) i as

I;= (DC; - Br)/ (DC; + Bry) w2)

where DCij is the fraction of the prey j in the diet
of the predator i (an input to the ECOPATH
program, see below), and Br. is the relative
biomass ofjinthe ecosystem (Iviev 1961; Parsons
and LeBrasseur 1970).
e all pathways leading from the primary
producer(s) to group i; and
» all cycles of which group i is a part.
Incorporation of approaches in Ulanowicz (1986)
allows ECOPATH II to compute, once the biomasses
and derivedi-specific statistics have been computed,
the following quantities, describing holistic properties
of ecosystems: total system throughput, full
development capacity, full ascendancy, overhead on
inputs, overhead on exports, internal capacity,
internal ascendancy, tribute to other systems,
dissipation and system redundancy (see Ulanowicz
1986 and other contributions in this volume for the
theory leading to these quantities).

Inputs Required by ECOPATH
and by ECOPATH 11

In the following, a commented list of the inputs
required for each group considered explicitly in a
given ecosystem by ECOPATH and/or ECOPATH 11
is presented. These comments refer to (1) methods of
estimation with special emphasis on Kuwait waters
and/or, in the case of ECOPATH II, to (2) the reason
why a given input was added.

¢ Production/biomass ratio (P/B): equal to
instantaneous rate of total mortality (Z) in steady-
state systems, when the growth of individual
animals can be described by the von Bertalanffy
growthfunction (VBGF, see Allen 1971). Numerous
methods exist for estimation of Z in fish and other
aquatic animals (reviews in Ricker 1975; Gulland
1983; Pauly 1984) and they have been widely
discussed and applied by KISR researchers (e.g.,
contributions in Mathews 1985). P/B is harder to
estimate in primary producers, but indirect
methods (empirical equations) exist for production
of P/B in phytoplankton (Lafontaine and Peters
1986), while useful P/B estimates for benthicalgae
and seagrasses may be found in Mann (1982).
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¢ Diet composition (DC): for a given (group of)

species (i), the diet composition is the fraction of
each species (groups) it consumes, usually
estimated from studies of stomach contents.
Note that it does not matter much which
weighting schemeis used for quantifyingrelative
stomach contents; volume, calories, weight, etc.
may be used (Macdonald and Green 1983). Note
also that only species (groups) occurring within
the system may be consumed and, that, at least
in ECOPATH II, care should be taken to have
some species (group) feeding on detritus, as also
happens in reality. Thus, in the French Frigate
Shoals example below, the heterotrophic benthos
should feed at least in part on dead benthic algae
(detritus) rather than derive all its energy from
algae presumed to be grazed while alive. A few
food and feeding studies of Kuwait fishes of the
type needed here are available (Abdullah and
Hussein 1977; Euzen 1987) which could be used
for model construction.

Annual fishery catch(or quantity killed by fishing
and discarded): needed for all exploited species.
Estimates ofthis quantity are available for major
species taken in Kuwait waters.

Habitat area: this is an input of ECOPATH
which was deleted from ECOPATH II, as it
appears straightforward to adjust biomass and
flows to any standard area.

Ecotrophic efficiency: an input of ECOPATH II
expressing the fraction of total production
consumed by predators or caught by a fishery
and usually assumed to range from 0.7 to 0.9
(Ricker 1969; Polovina 1984a, 1984b). In
ECOPATH 11, ecotrophic efficiency (EE) must
be either entered (when biomass is unknown) or
is estimated by the program (when biomass is
known and was entered). In ECOPATH II, the
fraction 1-EE of production is directed toward
the detritus box, from which it may be exported
out of the system.

Primary production (PP, in gC'm?year); PP is
not an input for ECOPATH. However, this is a
required input for ECOPATH 11, in order to (1)
encourage users to obtain independent, i.e.,
“external” estimates of a parameter which closely
correlates with a number of important
characteristics of a system; (2) to allow for
validation of internally generated PP (which
should be smaller than or equal to the externally
input value) and more importantly; (3) to allow
for the difference between observed (= external)
and computed (= internal) PP to be added to the
detritus box and thus quantify a linkage
important in virtually all ecosystems (i.e., the
transfer of uningested, dead phytoplankton and
algal biomass to the detrital pool, from where it



becomes available to a variety of consumers and/
or for burial or export).
¢ Detritus biomass: this is not an input in
ECOPATH, but is needed by ECOPATH II for
various computations when detritivores are
included in a system, e.g., to compute the
“electivity” of detritivores for detritus. An
empirical equation is provided in Appendix D
which provides rough estimates of detritus (in
g'Cm?) as a function of primary production and
euphotic depth.
¢ Food consumption per unit biomass: the number
of times per year a population of, e.g., hamoor
(Epinephelus tauvina) consumes its own weight
per year. This quantity (obviously not needed for
primary producers)is usually difficult to estimate
and Polovina (1984b), in the absence of anything
better, used estimates of consumption by Pacific
salmon for the reef fishes in Fig. 2. Polovina
(1984a, 1984b) called this input the “food
required” (FR). Following Pauly (1986), we shall
instead use the notation “Q/B”, with the caveat
that such estimates must refer to age-structured
populations, i.e., consider the fact that there
usually are, in natural fish populations, more
young than old fish, and that the former eat (per
unit weight) more than the latter.
Ananalytical method has been recently developed
by Pauly (1986) which is well suited to estimate Q/
B, and which has been successfully applied to Kuwaiti
fishes (Pauly and Palomares 1987). This method,
however, still requires inputs that may be hard to
obtain in some fish species, and we present an
empirical model which allows direct, if preliminary
estimates of Q/B:

InQ/B = 1.117 - 0.202InW_+

0.612InT + 0.516log,,A + 1.26f w3)
where Q/B (year™!) is as defined above, W_ the
asymptotic weight (as defined by the VBGF) of
the fish of a given population (live weight, in g),
A an index of the mean activity level of the fish
of agiven species, derived from the shape (“aspect
ratio”) of their caudal fin (see Fig. 1) and the food
type (f) - here either: carnivore, f=0, or herbivore,
f=1.

The derivation of this model is documented in

‘Palomares and Pauly (1989). It is based on Q/B
estimates for 33 demersal and pelagic fish stocks
ranging in size from myctophids to tuna and
occurring in waters with mean annual temperatures
ranging from 10 to 28°C. Eighty percent of the
variance in the original dataset was explained by
equation (3), which hence provides reasonable
estimates of Q/B for modelling purposes.

This model provides lower estimates of Q/B

Epinephelus tauvina
Aspect ratio: 1.4

Thunnus albacares
Aspect ratio: 9.3

height

[, 3.

Fig. 1. Definition of aspectratio (A =h?s) in two fishes (hamoor and
yellowfin tuna) with different surface areas (s, in black) and height
(h) of their caudal fins. High A values correspond to a high level of
activity and hence to high food consumption.

than suggested by Pauly (1982) and Caddy and
Sharp (1986); this is due to the use by these
authors of (uncorrected) feeding data from captive
fish generally fed to satiation. Note that, for
obvious reasons, Q/B - (egestion + excretion)
must be higher than P/B (or Z) for any consumer.

Application Example
of ECOPATH 11

Pending the construction of a model of the
marine ecosystem off Kuwait, we present here
an application of ECOPATH II using the data set
used by Polovina and Ow (1983) to document the
operation of their program for implementing
ECOPATH (Tables 1 and 2). This dataset differs
in details from that in Polovina (1984a), whose
estimated primary production was very close to
observed primary production (see also Atkinson
and Grigg 1984).

Fig. 2 shows the model of French Frigate
Shoals estimated from the data in Tables 1 and 2
by either ECOPATH or ECOPATH II. As might
be seen, the figure presents only that part of the
flows that go up the food web and omits backflows
to the detritus as well as respiration (fishery
catches are here omitted because French Frigate



Table 1. Input values for ECOPATH model of the French Frigate Shoals ecosystem, as given in

Polovina and Ow (1983).2

No. Group name Biomass® P/Be Q/Bd Habitat area®

1. Phytoplankton - 70.000 - 1,200

2. Benthic algae - 12.500 - 700

3. Zooplankton - 40.000 280.00 1,200

4. Heterotrophic benthos - 3.000 12.50 700

5. Small pelagics - 1.100 7.50 1,200

6. Lobster and crabs - 0.520 8.20 700

7. Reef fishes - 1.500 9.50 700

8. Bottom fishes - 0.320 3.60 300

9. Green turtle - 0.150 3.50 1,200

10. Seabirds 15.00 5.400 80.00 1,200

11. Monk seal 63.00 3.000 40.00 1,200

12a. Tiger sharks 42.00 0.500 4.50 1,200

12h. Reef sharks - 0.175 3.80 1,200

12¢. Jacks - 0.350 3.80 1,200

12d. Tuna - 0.660 5.30 900

2These values differ slightly from those in Polovina (1984b), but were used here because they are
part of the complete dataset distributed with the original listings of the ECOPATH program.

bMissing biomasses (here: kg'’km?) are estimated by ECOPATH and ECOPATH II; the three values
provided here help to estimate the parameters of the model from the “top down”.

*Equivalent, under the steady-state assumption, to an estimate of total mortality (Z, year).

dTermed FR, i.e., “food required” in Polovina and Ow (1983) and in all of Polovina’s contributions.

¢In km?, not an input in ECOPATH II (in which the biomass estimates for nos. 10, 11 and 12a were

adjusted by the ratio 1,200/700).

Table 2. Diet composition of components of the French Frigate Shoals ecosystem (from Polovina and Ow 1983).2

Predator
Prey 3 4 5 6 7 8 9 10 11 12a 12b 12¢ 12d
1. Phytoplankton 0.91 - - - - - - - - - - -
2. Benthic algae 0.09 0.85 - - 0.248 - 090 - - - - - -
3. Zooplankton - - 094 0021 0170 0104 010 0.05 - - - - 036
4. Heterotrophic benthos - 015 - 0979 0459 0.258 - - - - - - -
5.  Small pelagics - - 0.06 - - 0125 0.68 - 008 005 008 048
6. Lobster and crabs - - - - - 0018 - - 015 014 005 012 -
7. Reeffishes - - - - 0123 0.469 - 015 085 028 090 080 0.08
8. Bottom fishes - - - - - 0.026 - - - - - - 008
9. Green turtle - - - - - - - 001 - - -
10. Seabirds - - - - - - - - - 030 - - -
11. Monk seals - - - - - - - - - 0.08 - -
12a. Tiger sharks - - - - - - - 001 - -
12b. Reef sharks - - - - - - - - - 003 - - -
12¢. Jacks - - - - - - 010 - 005 - - -
12d. Tuna - - - - - - - 0.02 - 0.02 - -
Sum 1.00 1.00 1.00 1.000 1.000 1000 100 100 100 1.00 100 100 1.00

8Dashes represent zeros.

Shoals is an unexploited ecosystem; both ECOPATH
and ECOPATH II can handle fisheries catches).

Fig. 3, derived using ECOPATH 1II, presents
backflows as should occur in an ecosystem such as
French Frigate Shoals. They consist of:

¢ all egested and excreted matters (here 10 and
5%, respectively, of food consumption, see above),
and

¢ the production not consumed by predators (i.e.,
(B-Z)-(1-EE)), important in apex predators.

Fig. 3 also shows respiration for all boxes for

which this parameter could be straightforwardly

computed, i.e., from the difference (assimilated food
- excretion) - production. ECOPATH Il has a routine
to identify and list cycles within food webs. Such
cycles may be zero-order cycles (i.e., involving only
one box which cannibalizes itself), first-order cycles
(involving two predators that are also mutual prey,
as often occurs with fishes in the course of their
ontogeny), second-order cycles, etc.

The data in Table 1, used here to construct a



Table3. Food flows (pathways)leading, in the French model using ECOPATH 1II, do not imply more than
fﬁi‘ﬁ’gg‘:oai}slee';‘;?'s::;;kggnll;?‘;ggﬁ;y ;’;ﬁ“ﬁ;: ) zero-order cycles; hence, this routine of ECOPATH
the numbers of the other groups. ' II cannot be illustrated here (note that the French

Frigate Shoals ecosystem probably includes, in
reality, a large number of first-, second-, and higher-

1 > 3 > 10

2 3 3 5 10 order cycles, especially when detritivory is
1> 3 > 5> 10 considered; note also that Fig. 2 suggests a first-
i :)) g :)) ? :)) }8 order cycle between the seabirds and box 12; this is
25 3°5 75 10 an artifact of grouping). ‘

93 4 3 795 10 ECOPATH 1II also has a routine to identify all
2 > 7 > 10 ' pathways leading from the primary producers to a
1> 3 > 5> 12510 given box. Table 3 provides, as an example of this
2282 5212720 type of output, a list of all flows leading from th
1 5 3 5 75 12 5 10 ype of output, a list of all flows leading from the
2 53 3 5 75 12 > 10 primary producers up the food web to the birds. As
2> 4 > 7> 12 > 10 might be seen, even animals as peripheral as these
2> 7 > 12> 10 birds are involved in a large number of pathways,
1 > 3 > 6> 12 > 10 d ite th t d si licit £ h h
95 3 5 6 > 12 5 10 espite the outward simplicity of a graph such as
25 4 > 6> 12 5> 10 Fig. 2.

1> 3 > 55> 8> 12 > 10 Table 4 presents some important biological
22> 3 > 5> 8-> 12510 statistics extracted by ECOPATH I from the datain
123832 12 822710 Tables 1 and 2, while Table 5 ts the electivit
25 3 5 75 85 12 5 10 Tables 1 and 2, while Table 5 presents the electivity
2 35 4 35 755 8> 12 > 10 indices for all consumers in the French Frigate
2> 7 > 8> 12 > 10 Shoals model. These two tables, examined jointly
1> 3 > 6> 8912510 with Figs. 2 and 3, help characterize the role of a
2 > 3 > 6> 8-> 12 > 10 . ithin th t

25 4 5 65 8> 125 10 given group within the system. '

1> 3 > 8> 12 > 10 Table 6 compares some holistic properties of the
2 > 3 > 8> 12 > 10 French Frigate Shoals ecosystem with the same
22> 4 > 8->12>10 properties of seven other ecosystems.

1 > 3 2> 12 > 10

2 2 3 > 12 > 10

Table 4. Some summary statistics of the groups considered in the French Frigate Shoals ecosystem.

Group A B C D

1 Phytoplankton - - 0.00 0.000
2. Benthic algae - - 0.00 0.000
3. Zooplankton 0.14 0.17 1.00 0.000
4. Heterotrophic benthos 0.24 0.28 . 115 0.167
5. Small pelagics 0.15 0.17 2.06 0.063

6. Lobster and crabs 0.06 0.07 215 0.001

7. Reef fishes - 0.16 0.19 1.94 0.364
8. Bottom fishes 0.09 0.10 2.66 0.200
9. Green turtle 0.04 0.05 1.10 0.090
10. Seabirds 0.07 0.08 3.09 0.150
11. . Monk seal 0.08 0.09 2,97 0.005
12a. Tiger sharks 0.11 0.13 3.52 0.292
12b. Reef sharks 0.05 0.05 2.96 0.003
12¢. Jacks 0.09 0.11 2.98 0.005
12d. Tuna 0.12 0.15 2.72 0.317

A-Gross efficiency = production/food consumption.

B-Net efficiency = production/(food consumption - egestion).
C-Mean trophic level, as defined in the text.

D-Index of omnivory, as defined in the text.
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Fig. 2. Model of French Frigate Shoals, as estimated using either ECOPATH or ECOPATH II from the input data in Tables 1 and 2, with
all biomasses expressed in kg and all flows in kg-year!. Note absence of a detritus box and of detritivores (see Fig. 3).

Discussion

The present paper, which is intended to have a
methodological emphasis, is not the proper place to
discuss at length the results presented here (Figs. 2
and 3, Tables 3-6). Rather, we wish to stress how far
one can get in understanding a given ecosystem using
rather limited inputs (here: Tables 1 and 2) and an
appropriate model (here: ECOPATH II).

We are confident that ECOPATH II could be
successfully used to describe the marine ecosystem
in the northern end of the Gulf, and hence increase

understanding of the system which forms the bases
of Kuwait shrimp and other fisheries.

The database available for such an exercise differs,
however, in some important characteristics from
that used here to illustrate the use of ECOPATHII,
the main differences being that:

1. a substantial catch is extracted from the

marine ecosystem off Kuwait; and

2. biomasses are known (atleast approximately)

for most resource species.

These two features represent extremely powerful
constraints on the parameter estimates which
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Fig. 3. “Backflows” of French Frigate Shoals model, as estimated using ECOPATH II (see Fig. 2 for flows up the food web). Note large
sum of flows to detritus box (units are kg'km2 and kgkm2year!, based on an area of 1,200 km).

ECOPATH II can be expected to provide, given a for the marine ecosystem in question, a set of
feeding matrix such as illustrated here by Table 2.  parameters that are biologically tenable.

In fact, these constraints are so powerful that Two approaches may be pursued to make the
they resulted in the failure of our initial attemptsto  constraints (i.e., the known catches, biomasses, P/B
identify, based on a feeding matrix of Kuwait fishes, ratios, etc.) compatible with a food matrix. One of
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Table 5. Electivity index values of various preys for the consumers of the French Frigate Shoals ecosystem, as computed by ECOPATH
II, based on the data in Tables 1 and 2.2

Predator
Prey 3 4 5 6 7 8 9 10 11 12a 12b 12¢ 12d
1. Phytoplankton 095 - - - - - - - - - - - -
2. Benthic algae 065 033 - - 0.26 - 0.36 - - - - - -
3. Zooplankton - - 0.99 0.57 0.94 0.90 0.89 080 - - - - 0.97
4. Heterotrophic benthos - 049 - 0.38 0.02 0.26 - - - - - - -
5. Small pelagics - - 0.70 - - 0.84 - 0.97 0.77 065 0.77 096
6. Lobster and crabs - - - - - 0.45 - - 091 091 0.76 089 -
7. Reef fishes - - - - 0.18 0.69 - 027 082 053 083 081 0.04
8. Bottom fishes - - - - - 0.96 - - - - - - 0.99
9. Green turtle - - - - - - - - - 0.99 - - -
10. Seabirds - - - - - - - - - 1.00 - - -
11. Monk seals - - - - - - - - - 0.99 - - -
12a. Tiger sharks - - - - - - - - - 0.95 - - -
12b. Reef sharks - - - - - - - - - 0.99 - - -
12¢. Jacks - - - - - - - 096 - 0.92 - - -
12d. Tuna - - - - - - - 098 - 0.98 - - -

#Dashes, implying total aveidance of a given item and actually corresponding to an electivity of -1, are here left out for the sake of clarity.

Table 6. Summary statistics of various marine and brackishwater ecosystems.?

A Area Chesapeake  Baltic Celtic Celtic Benguela Peru Current Peru Current French Frigate
Bay? SeaP Sea IV Sea IIP Current? Ic II¢ Shoalsd
B Type of estuary brackish temperate temperate kelp bed upwelling, upwelling, coral reef
ecosystem sea sea sea before 1972 after 1972
C Number of 39 13 12 12 7-8 13 13 16°
boxes
D Currency Carbon Carbon Carbon Nitrogen Carbon Carbon Carbon Wet weightf
E Total system 8,989 620 4.55 15.37 8,864 2,660 2,485 2,605
throughput (4,973)
F Capacity 28,522 1,844 15.00 49.35 24,941 5,857 5,279 538,692
(8,893,465)
G Ascendency 54 54 58 52 67 64.6 614 45.3
(%) (14.2)
H Respiration 25 2.3 129 0 8.1 24.3 176 36.5
overhead (%) (74.8)
I Redundancy - 15 16.7 244 40 24.6 12.8 15.1 18.2
(%) 11.0)

aSee Ulanowicz (1986) and other contributions in this volume for the background of these summary statistics and their interpretation.

bFrom Fasham et al. (1985).

“From Pauly (1987), based on box models in Walsh (1981) and BASIC program in Ulanowicz (1986).

9This study (see Tables 1 and 2 for inputs, and Figs. 2 and 3 and Tables 3 to 5 for other outputs); values in brackets consider direct flow from
primary producers to detritus, the other values do not; wet weight in tkm-2.

eComputations all performed with the 15 groups in Tables 1 and 2, plus one implicit detritus compartment (only 12 respiration; 13 boxes are
shown in Figs. 2 and 3).

fWet weight is approximately = carbon x 10.
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them is to modify the constraints such that a
biologically tenable model emerges when they are
combined with the food matrix. (This would imply
the assumption that the catches, biomasses, P/B
ratios, etc. of Kuwait fisheries are not as accurately
known as the diet composition of Kuwaiti fishes).

The more promising approach, we believe, is to
assume the constraints to be correct and to use them
alongwith e.g.,the empirical equationsin Appendices
A-D and similar relationships to derive, indirectly, a
“possible” diet matrix.
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Appendices

The following four appendices present empirical
relationships linking important features of marine
ecosystems as can be used for ecosystem modelling.
In all four cases, data points were read off published
graphs, and fitted with an equation “which captures
the major qualitative features of the data” (Silvert
1981).

These equations may be used as components of
simulation models or to check whether estimates
derived using ECOPATH II are acceptable.

Appendix A

Primary production, in aquatic systems, is gen-
erally based on two types of nutrients:

1. nutrients that cycle through the system (and
lead to “regenerated production”);

2. nutrients that are added to, or “flow through,”
the system, leading to “new production”.
Values of the ratio “f” of regenerated production

to total production have been compiled and plotted

as a function of total annual primary production by

Eppley (1981). We have fitted these data with an

equation of the form
f=a+bexp(c*PP) «.Al)

where fis the ratio of regenerated/total production,

a, b and c are fitted parameters, and PP is the total

primary production in g Cm2yearl,

Fig. Al reproduces Eppley’s data, and our fitted
line, derived for the equation

f=0.325 + 0.675 exp (-0.0046PP) «.A2)
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Fig. Al. Ratio of regenerated to total primary production as a
function of total production. Squares are observations from Fig. 2
in Eppley (1981).

and which may be used, e.g., to assess the fraction of
total primary production which, in a given system,
should be flowing into the detritus box to be later
released as recycled nutrients (see Kirchman and
Ducklow 1987 for a recent review).

Appendix B

The efficiency with which zooplankton organisms
transform their food (mainly phytoplankton) into ani-
mal biomass accessible to other consumers is usually
difficult to estimate. Cushing (1973) estimated “trans-
fer efficiencies” of zooplankton in the Indian Ocean.
These efficiencies, roughly corresponding to ecologi-
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Fig. A2. Transfer efficiency (roughly equal to ecological efficiency)
from primary production tosecondary (i.e., zooplankton) production
expressed as a function of primary production. Adapted from Fig.
7 of Cushing (1973), with ® referring to the NE monsoon, and * to
the SW monsoon, in the Indian Ocean, from 25°N to 40°S.

cal efficiencies, decline as a function of primary pro-
duction and this is shown in Fig. A2.

Wehave fitted Cushing’s data, after standardizing
the ordinate for “180-day monsoons” to a whole year,
with the equation

TE = 3 - (97 exp (-0.01(142 + PP)) «.A3)
where TE is the transfer efficiency, in percent. This

equation (and the scatter of data on Fig. A2) may be
used to assess whether one’s estimates of ecological

Table Al. Data used to derive a multiple regression model for
prediction of pelagic detritus abundance as a function of primary
production and euphotic layer depth, including observations from
all three oceans, from temperate to tropical waters.?

No. Primary Euphotic Detritus
production depth (m)b (gCm?)
(g~C-m‘2-year‘1)
1. 25 150 5.2
2. 30 150 55
3. 31 150 8.0
4. 40 150 58
5. 1500 g 2.0
6. 70 75 11.0
7. 100 75 15.8
8. 200 40 8.0
9. 4 100 135
10. 73 30 22
11. 45 50 10.0
12. 150 20 9.0
13. 190 40 20.0
14. 350 10 8.0

#Valuesfrom Table 1 and Fig. 4 in Finenko and Zaika (1970), except
for no. 5.

bFrom Lenz (1981).

¢From Krey (1974).

dFrom Tables 1, 2 and 4 in Lenz (1974).

Fig. A3. Relationship between primary production and benthic
respiration in US and Canadian estuarine and nearshore waters
(from Nixon 1986, with solid line added).

efficiency in tropical zooplankton are compatible
with Cushing’s data.

Appendix C

Nixon (1986) presented data showing, for tem-
perate estuaries and nearshore waters at least, that
benthic respiration (i.e., “remineralization”) is a
close linear function of primary production (plus
other organic inputs). This is shown here in Fig. A3,
which suggests

BR = 0.276 (PP + ORG.INPUTS) w.A4)
where BR is the benthic respiration, and PP the
primary production, in gCm?year.

It should be considered with regard to this equa-
tion, that no points referring to tropical locations are
includedin Fig. A3, and that the relationship applies
only to shallow water (down to 5-7 m).

Appendix D

ECOPATH II and related models express
biomasses on a per area basis (e.g., m?); the explicit
inclusion of detritus as an element of an ecosystem
thus requires that this component also be expressed
on a surface area basis.

Asdetritus standing stock estimates in thelitera-
ture are generally expressed on a volume basis (e.g.,
gCm?), we present here one of the few readily
available dataset on detritus standing stock per
area, for various areas of the world ocean (Table Al).
This dataset was fitted with the equation

log,,D =-2.41 + 0.954 log, PP +

0.863 log, E ..A5)
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where D is the detritus standing stock in gC'm2, PP
is the primary production in gCm?year?! and E is
the euphotic depth, in m. This equation, with R =
0.718, explains 52% of the variation in the dataset in
Table 1A, and both of its partial regression coefficient
are significant (s.e. = 0.305 and 0.2586, respectively,
df=11). Fig. Ad shows a plot of observed vs. predicted
detritus standing stock values. As might be seen, the
fit is not particularly tight, but might be considered
sufficient in cases where no other information is
available.
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CHRISTENSEN, V. and D. PAULY. 1993. On steady-state modelling of ecosystems, p.14-19. In V. Christensen and
D. Pauly (eds.) Trophic models of aquatic ecosystems. ICLARM Conf. Proc. 26, 390 p.

Abstract

This paper provides a brief description of the rationale behind steady-state modelling, and of the implementation
of the ECOPATH II software system, a system for straightforward construction, parametrization, and balancing of
steady-state trophic models of (aquatic) ecosystems. ECOPATH Il is written for MS DOS computers and is available
as a public domain software from the ICLARM Software Project.

ECOPATH Il is structured around a system of linear equations initially proposed by J.J. Polovina and coworkers.
Also, it incorporates routines for computation of several maturity and network flow indices proposed by various
theoretical ecologists, notably the Odum brothers and R.E. Ulanowicz.

Modelling of Ecosystems

The word “model” has several meanings; for
scientists and, more specifically, for biologists
working at the ecosystem level, “models” may be

- defined as consistent descriptions, emphasizing
certain aspects ofthe system investigated, as required
to understand their function.

Thus, models may consist of a text (“word models”)
or a graph showing the interrelationships of the
various components of a system. Models may also
consist of equations, whose parameters describe
“states” (the elements included in the models) and
“rates” (of growth, mortality, food consumption, etc.)
of the elements of the model.

The behavior of mathematical models is difficult
(often impossible) to explore without computers.
This is especially the case for “simulation models”,
i.e.,those representations of ecosystems which follow,
through time, the interactive behavior of the (major)
components of an ecosystem.

Simulation models are difficult to build, and even
more difficult to get to simulate realistically the
behavior of a system over a long period of time,

*Includes extracts from the ECOPATH II manual of Christensen
and Pauly (1992a). ICLARM Contribution No. 831.
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without “crashing” or “exploding”, where populations
go either extinct or grow without bound, respectively.
This is one reason why most aquatic biologists shy
away from constructing such models, or even from
interacting with “modellers” (who, often being
nonbiologists, may have scant knowledge of the
intricate interactions between living organisms).
Another reason is that one needs to be able to
describe the dynamics of all key biological processes
(growth, reproduction, mortality, etc.) to build
realistic dynamic models. Obtaining sufficient
knowledge to do this is difficult for most ecosystems.

However, “modelling” does not necessarily imply
“simulation modelling”. There are various ways of
constructing quantitative models of ecosystems
which avoid the intricacies of dynamic simulation
modelling, yet still provide many of the benefits of
fully-fledged modelling, viz:

e requiring the biologist/ecologist to review and
standardize all available data on a given
ecosystem and identify information gaps;
requiring the would-be modeller to identify
estimates (of states and/or rates) that are
mutually incompatible, and which, if true,
would prevent the system from maintaining
itself (e.g., prey productions that are too low
relative to assumed food requirements of
predators);
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Fig. 1. Schematic representation of possible biomass trends in an
ecosystem. (A) Strong, regular changes as, e.g., due to the succession
of seasons, not well represented by an annual mean (B,). (B) Rapid
transition between two stable states, of which each is well
represented byits own mean (B,,B,).(C) Example of a biomass that
does not reach equilibrium. During a brief period (t), this biomass
can berepresented by a single value (B ) whose confidence interval
will usually bracket the change of biomass during the interval t.

* requiringthe same would-be modellertointeract
with specialities other than her/his own, e.g., a
plankton specialist will have to either cooperate
with fish biologists and other colleagues working
on various consumer groups, or at least read the
literature they produce.

To avail of these and other related advantages
without having to get involved in simulation
modelling, one’s models can be limited to describing
“average” (or “steady-state”) states and rates. This
limitation, as we shall see, is not as constraining as
it may appear at first sight. It is consistent with the
work of most aquatic biologists, whose state and rate
estimates also represent “averages”, applying to a
certain period (although this generally is neither
stated by the authors, nor realized by the readers).

The approach we propose is to use states and
rates estimated for single species in a multispecies
context to describe aquatic ecosystems in rigorous,
quantitative terms, during the (arbitrary) period to
which the state and rate estimates apply (Fig. 1).
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In many cases, the period considered will be one
(typical) year,with the state and rate estimates used
for model construction pertaining to different years.
Such models may represent a decade or more, during
which little changes have occurred.

When ecosystems have undergone massive
changes, two or more models may be needed,
representing the ecosystem before, (during) and
after the changes (Fig. 1). As an example, three
models of the Peruvian upwelling ecosystem were
constructed, covering different periods before and
after the collapse of the anchoveta fisheries (Jarre et
al. 1991). Other examples of this can be found in this
volume for Lake Tanganyika, Lake Victoria, and
Lake Turkana, all in Africa.

When seasonal changes are to be emphasized,
different models may be constructed for each season,
or for extreme situations (“summer” vs. “winter”). As
an example, Baird and Ulanowicz (1989) constructed
four models describing the seasons in Chesapeake
Bay and one “average” model to represent the whole
year. Likewise, Jarre and Pauly (this vol.) describe
the dynamics of the annual cycle of the Peruvian
upwelling system using 12 steady-state models, each
representing a monthly period.

The same idea can be applied to aquaculture
situations, where a pond and its producers and
consumers can be described for instance at the
beginning, midpoint and end of a growing season.
Alternatively, a pond can be modelled as the average
of such states. Ruddle and Christensen (this vol.)
illustrate this approach.

Judicious identification of periods long enough
for sufficient data to be available, but short enough
for massive changes not to have occurred, will thus
solve most problems associated with the lack of a
time dimension in “steady-state” models.

The ECOPATH II Model

The ECOPATH Il system combines an approach
by Polovina (1984a) for estimation of biomass and
food consumption of the various elements (species or
groups of species) of an aquatic ecosystem with an
approach proposed by Ulanowicz (1986) for analysis
of flows between the elements of ecosystems
(Christensen and Pauly 1992b).

As described by Pauly et al. (this vol.), the core
routine of ECOPATH II is derived from the
ECOPATH program of Polovina and Ow (1983) and
Polovina (1984b, 1985).

The ecosystem is modelled using a set of
simultaneous linear equations (one for each group i
in the system), i.e.,

Production by (i) - all predation on (i) - nonpredation losses of (i) -
export of (i) = 0, for all (i).
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This can also be put as

P,-M2,-P,(1-EE) - EX, = 0 1)

where P, is the production of (i), M2, is the total
predation mortality of (i), EE; is the ecotrophic
efficiency of (i) or the proportion of the production
that is either exported or predated upon, (1- EE))is
the “other mortality”, and EX, is the export of (i).

Equation (1) can be re-expressed as

n
B.*PB, -% B*QB,*DC; - PB*B, (1-EE)) - EX, = 0

j=1
or

n
B;*PB,*EE, - £ BJ.*QBJ.*DCji -EX, =0 we2)
i=1
where B, is the biomass of (i), PB, is the production/
biomass ratio, @B, is the consumption/biomass ratio
and DCJ.i is the fraction of prey (i) in the average diet
of predator (j).
Based on (2), for a system with n groups, n linear
equations can be given in explicit terms,

B,PB,EE,-B,QB,DC,,-B,QB,DC, -..-B QB DC,, EX, = 0
B,PB,EE,-B,QB,DC,,-B,QB,DC,,-..-B,QB,DC_,-EX, = 0

B,PB, EE, -B,qQB,DC,,-B,QB,DC,, -..-B,QB,DC, -EX_ = 0

This system of simultaneous linear equations
canbe solved through matrix inversion. In ECOPATH
I1, this is done using the generalized inverse method
described by Mackay (1981), which has features
making it generally more versatile than standard
inverse methods.

For example, if the set of equations is
overdetermined (more equations than unknowns)
and the equations are not consistent with each
other, the generalized inverse method provides least
squares estimates which minimize the discrepancies.

If, on the other hand, the system is
underdetermined (more unknowns than equations),
an answer that is consistent with the data (although
not unique) will still be output.

Generally only one of the parameters B,, PB,,
QB,, or EE; may be unknown for any group i. In
special cases, however, QB;, may be unknown in
addition to one of the other parameters (Christensen
and Pauly 1992a). Exports and diet compositions are
always required for all groups.

The Energy Balance of a Box
Abox, in an ECOPATH Il model, may be a group

of (ecologically) related species, a single species, or a
single size/age group of a given species.

In a “steady-state” model, the energy input and
output of all living groups must be (or are) balanced,
by definition.

The basic ECOPATH equation (1) includes only
the production of a box. Here production equals
predation mortality plus export plus other mortality.
When balancing the energy flow of a box, other flows
should be included. Thus,

Consumption = production + respiration + unassimilated food

From this the respiration can be estimated as a
difference (but see below).

Parametrization

The data requirements of steady-state models
arevery limited in comparison to those of simulation
models. At the same time, steady-state models are
very useful for making summaries of available data
and trophic flows in a system. Also, and quite
importantly, these models helpidentify gaps in one’s
knowledge about an ecosystem. Together, this makes
steady-state models a good starting point for
ecosystem modelling.

Consumption

There are various approaches for obtaining
estimates of consumption/biomass ratio (QB); they
may be split into (i) analytical methods and (ii)
holistic methods.

(i) The analytical methods involve estimation of
ration, pertaining to one or several size/age
classes, and their subsequent extrapolation to
a wide range of size/age classes, representing
an age-structured population exposed to a
constant or variable mortality.

Therequired estimates of ration are obtained
from laboratory experiments, from studies of
the dynamics of stomach contents in nature
(Jarre et al. 1991, see Fig. 2), or by combining
laboratory and field data (Pauly 1986).

(ii) The existing holistic methods for estimation of
QB are empirical regressions for prediction of
QB from some easy to quantify characteristics
of the animals for which the QB values are
required (Palomares and Pauly 1989; Pauly et
al. 1990; Palomares 1991; Pauly et al., this
vol.).

Production

Production includes all matter elaborated by a
group (whether it is ultimately eaten, fished or dies of
other causes) over the period considered. Total
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Fig. 2. Twodaily cycles of stomach contents of African fishes (from
Palomares 1991), fitted by means of the MAXIMS software of Jarre
et al. (1990). (A) Oreochromis niloticus (Cichlidae), based on data
in Getachew (1987). Note single feeding period, from 7 to 16 hours.
(B) Bagrus dogmac (Bagridae), based on datain Okach and Dadzie
(1988). Note two feeding periods per day, at dawn and dusk, as
often occurs in piscivores (Hobson et al. 1981).

mortality, when constant, is equal to production over
biomass. Therefore, in steady-state models, it is safe to
treat estimates of total mortality (Z) as equivalent to
the production/biomass ratio (P/B) (Allen 1971).

Predation

In a trophic model such as constructed by
ECOPATH I1, it is predation that links the groupsin
a system. Thus, what is consumption for one group
is mortality (production) for its prey. Therefore,
information on predation is important for
understanding the dynamics of ecosystems.
Unfortunately, properly presented information on
diet composition is sparse - fish population dynamics
has traditionally treated fish populations as if they
were independent, and a large part of the available
information on diet compositions is expressed on a
“per cent occurrence” or “point” basis or as
“dominance”, all of which are of little use for
quantification of diets. What are needed are measures
based on energy, weight or volume.

For quantified ecosystem models such as
ECOPATH II, the diet compositions should be
expressed as the proportion (weight, volume or
energy) each prey constitutes to the overall diet.
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Respiration

As mentioned above, respiration is estimated by
ECOPATH II as a difference, and hence is not a
required parameter. If, however, explicit estimates
of respiration are available, these can be used for
“calibration”, i.e., a model’s inputs can be modified
until, for any given box, the computed respiration
matches the available estimate; this approach makes
it possible for another parameter of that box, e.g.,
PB, to be unknown.

Network Flow Indices

The ECOPATH II software links concepts
developed by theoretical ecologists, especially the
theory of Ulanowicz (1986), with those used by
biologists involved with fisheries and aquaculture
management. The following section gives a brief
account of some of the concepts from theoretical
ecology that are included in ECOPATH II.

Ascendency is a measure of the average mutual
information in a system, scaled by system
throughput. These quantities are derived from
information theory (Ulanowicz 1986; Ulanowicz and
Norden 1990). If one knows the location of a unit of
energy, the uncertainty of where it will go next is
reduced by an amount known as the “average mutual
information”,

[=2,1;Q loglf/z(f; Q)

where, if T, is a measure of the energy flow fromj to
i, f; is the fraction of the total flow from j that is
represented by T.., or

ij?

£y = Tyf% Ty

Q; is the probability that a unit of energy passes
through i, or

Q=% Ty / Zyp, T

I is a probability and is scaled by multiplication
with the total throughput of the system, T, where

T= x,T;
Thus,
A=T*I,

where A is called “ascendency”. There is an upper
limit for the size of the ascendency, estimated from

C=H+T,
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where C is called “development capacity” and H is
called “statistical entropy” and is estimated from

H=-Z Qlog Q.

The difference between capacity and ascendency is
called “system overhead”. This provides a limit for the
increase of ascendency and reflects the system’s
“strength in reserve” from which it can draw to meet
unexpected perturbations (Ulanowicz 1986).

Ascendency, overheads and capacity can all be
split into contributions from imports, internal flow,
exports and dissipations (respiration). These
contributions are additive; examples can be found in
several of the contributions in this volume.

The unit for these measures is “flowbits”, or the
product of flow (e.g., tkm?2year!) and bits, an
information unit corresponding to the amount of
uncertainty associated with a single binary decision.

Trophic Aggregation

In addition to including a routine for calculating
group-specific fractional trophic levels, as suggested
by Odum and Heald (1975), we have included a
routine in the ECOPATH II system that aggregates
the entire system into discrete trophic levels sensu
Lindeman (1942). This routine is used by a number of
theauthorsin this volume, and isbased on an approach
suggested by Ulanowicz (in press) which reverses the
routine for calculation of fractional trophic levels. For
example, if a group obtains 40% of its food as a
herbivore and 60% as a first-order carnivore, 40% and
60% of the flow through the group are attributed tothe
herbivore level and the first consumer level,
respectively.

Based on these computations, the efficiency of
transfer between discrete trophic levels can be
calculated as the ratio of the flow that is transferred
from one trophic level to the next (or to the fishery) and
the throughput at the trophic level.

Mixed Trophic Impacts

Leontief(1951) developed a method to quantify the
direct and indirect interactions of various sectors of
the economy of the USA, using what has since been
called the Leontief matrix. This was first used in
ecology by Hannon (1973) and Hannon and Joiris
(1989) to assess the impact of any group in a system on
all other groups.

Ulanowicz and Puccia (1990) developed a similar
approach, and a routine based on their method has
been incorporated in the ECOPATH II system.
Examples of the use and interpretation of mixed
trophic impacts are given in a number of the
contributions in this volume.
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Conclusion

We hope thattherationale presented in this paper,
together with the other contributions in this volume,
will help establish the potential of steady-state
modelling as a tool to improve our understanding of
ecosystems, especially for data-sparse areas.

ECOPATH II, and forthcoming new developments
(Christensen 1991), will, we hope, build a bridge
between methodologies commonly used by fisheries
biologists and by theoretical ecologists.
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Abstract

The traditional method of representing steady-state ecosystem models, usually by scattering interconnected
boxes across a page, underutilizes the potential descriptive and explanatory power of graphical representations.
Some alternative approaches are proposed: (1) drawing boxes with areas proportional to the logarithms of the
biomasses they represent, ordered along the ordinate in terms of their weighted mean trophiclevels; (2) plotting boxes
as in (1) along the ordinate, but using box-specific particle size for ordering along the abscissa (which leads to “size-
shifted” models); and (3) mapping the fluxes between boxes, arranged as in (2), in terms of isolines.

Introduction

Construction and parametrization of steady-state
models ofaquatic ecosystems have a tradition dating
back several decades - see, e.g., Odum and Odum’s
(1957) model of Eniwetok Reef. Yet, consistently
applied rules do not seem to have emerged regarding
the graphic representation of such models.

The only approach we have seen used repetitively
is the energy circuit language of Odum (1972). In
this representation, different symbols are used for
producers, consumers, storage groups, etc. We find,
however, that the symbols add more complexity
than information and would not recommend that
language.

We wonder if the absence of usable rules of
graphicrepresentation of steady-state models could
be caused by the perception that steady-state trophic
box models are intrinsically too simple - they consist
only of boxes and arrows - for their graphical
representation to require much thought about
symbols or effort by a graphic artist.

It seems paradoxical to us, however, to devote as
much time as is generally done to the construction
and parametrization of ecosystem models and so
little to the elaboration of the graph representing
the model, i.e., the final product.

*ICLARM Contribution No. 653.
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We believe, indeed, that the same criteria should
apply for representations of ecosystem models as for
scientific graphs in general, for which Tufte (1983)
wrote:

“Excellence in statistical graphics consists of

complex ideas communicated with clarity,

precision, and efficiency. Graphical displays
should

¢ show the data

¢ inducetheviewertothink about the substance
ratherthan about methodology, graphic design,
the technology of graphic production, or
something else
avoid distorting what the data have to say
present many numbers in a small space
make large data sets coherent
encourage the eye to compare different pieces
of data

¢ reveal the data at several levels of detail, from

a broad overview to the fine structure

e serve areasonably clear purpose: description,

exploration, tabulation, or decoration

e Dbe closely integrated with the statistical and

verbal descriptions of a data set.”

As we hope to show below, there are ways to
represent box models such as to (1) increase the
descriptive and explanatory impact of the graph and
(2) facilitate comparisons between ecosystems.

The first of these two points does not need



elaborating, but the second does: the baroque
cacophony of style used by different authors and
illustrated in Fig. 1 may be one key reason why few
useful generalizations have emerged to date from
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the comparisons of models of different ecosystems.

We suggest, in the following, some rules for
representing trophic models of ecosystems. These
rules, if adopted, could help overcome some of the
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Fig. 1. Selected examples of published representations of steady-state trophic models of aquatic ecosystems.
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problems in (1) and (2) above, mainly by making
creative use of the ordinate and abscissa implied in
each graph, and of the quantitative scale which -
since Descartes - comes along with these axes, ifonly
implicitly.

Using the Y-Axis

Often, trophic models are drawn such that the
boxes representing organisms low in the food chain
(or web) are placed in the lower part of the graph,
along with the plants, while the boxes representing
organisms high in the food chain (web) are put
higher up.

We propose to make explicit use of this mode of
graphing, i.e., to plot the boxes representing the
organisms of an ecosystem such that the horizontal
axis of symmetry of each box is aligned with the
trophic level of the box in question (Fig. 2). This
implies estimating these trophic levels, as opposed
to making a priori assumptions about them (as, e.g.,
some cases included in Fig. 1). The estimation in
question can be performed using various methods,
notably the ECOPATH II software discussed
elsewhere in this volume. Note that the trophic
levels so estimated need not be (and generally are
not) whole numbers, as assumed in some food chain
theories (e.g., Pimm 1982).

Using the X-Axis (I)

Using trophic level as Y-axis is not sufficient to
define the relative position of the elements of a
model, and two approaches may be considered for
ordering the boxes along the X-axis:

1. arranging the boxes such that they do not
overlap, and/or with emphasis on some
symmetry, i.e., such that the resulting graph
is esthetically pleasing, or

2. arranging the boxes such that the arrows
linking the boxes cross each other as little as
possible, hence, maximizing intelligibility of
the graph.

We have tried to incorporate (1) and (2) in the
construction of Fig. 2. We note in this context that
software for electronic hardware development exist,
e.g., SCHEMA Il and ORCAD, which can be used to
optimize the positioning of elements and to conduct
check of energy pathways and that such software is
of use for constructing ecosystem flow charts as well.

As the astute reader will have noted, the sizes of
the boxes plotted on Fig. 2 themselves contain
information: their area is proportional to the
logarithm of the biomass in each box.

We found this trick to be particularly useful in
helping the reader visualize the relative role and

impact of the organisms in each box - something
which boxes of equal sizes do not even attempt, and
which boxes with dimensions directly proportional
to biomass fail to do well. To avoid the problem of
taking logarithms of values less than 1 we have also
found it useful to make the box sides equal to the
third root of the biomasses, thus assuming the boxes
to be three-dimensional.

We have introduced another rule of construction
in Fig. 2. All flows entering a box do this on the lower
half of the box, while flows exiting a box do it from
the upper half. Flows that enter a box can be
combined, whileflows thatleave abox cannot branch,
but they can be merged with flows exiting other
boxes. This ensures compatibility with shortcut
circuit checksin electronic hardware designsoftware,
and at the same time it simplifies the flow chart.
“Cannibalism” or zero-order flows are shown as
circles originating from the top half of a box and
entering the lower half.

On the other hand, we abstain here from
representing flows through arrows of different sizes
(i.e., with thickness proportional to the log of the
flow represented) because we found that this
cluttered up our models. Indeed, it is often necessary
to omit, for clarity’s sake, lesser flows from graphs
representing highly interconnected systems.
Moreover, there appear to be far more effective ways
of representing flows, as will be shown below.

Using the X-Axis (I)

Powerful holistic approaches have recently
emerged in biology and ecology which demonstrate
that the size of organisms is their key attribute. The
relevant compilations (see, e.g, Bonner 1965; Calder
1984; Ulanowicz and Platt 1985) show that virtually
all important characteristics of organisms, ranging
from their physiology to their population dynamics
and from their gross anatomy to their ecology, can be
expressed as tight double logarithmic plots, often
ranging in size from bacteria to whales (24 orders of
magnitude). This suggests that insights could be
gained by using size as the abscissa scale of graphic
representation of ecosystems.

Following common usage, we assume a weight-
to-volume conversion based on a specific weight
equal to unity. This enables comparability between
organisms with different shapes. One problem here
is the choice of the appropriate “mean weight” for the
aggregate of organisms within a box, which may
consist of (1) asingle-species, steady-state population,
including lots of small, young organisms and fewer
larger, old organisms, or (2) several species, each
with its own size composition. In the second case,
the model builder may have to construct either a
cumulated multispecies size distribution or use the
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Fig. 2. Representation of the French Frigate Shoals coral reef ecosystem (Polovina 1984). The area of each box is proportional to the
logarithm of the biomass of each group. Flows exit the top halfofabox and enter the bottom half (see text for further constructional details).

size distribution of a single species representative of
the other taxa in the box.
Whatever choice is taken, some measure of central
tendency of the size distribution will have to be used, i.e.,
e a gstatistically based index, e.g., the mean,
mode or median, or
e a biologically based index, e.g., (a) a
representative size of adults, i.e., the mean of
size at first maturity (W_) and of asymptotic
(W_) or maximum size (W, ),asusedin Pauly
(1982),0r (b) W o itselfwhich, in fishes, roughly
corresponds to the peak of the biomass curve,
and t0 0.3* W _, or (c) the size at which relative
food consumption is highest (this generally
occurs at the juvenile stage, below 0.3 * W_).
Here, we have chosen a measure of size which,
due to its simplicity, needs some explanation. The
measure of size should represent the “average”
organism in a group. For a given population this size
will among others be a function of the total mortality
ofthe population. This is illustrated in Fig. 3, which
shows population mean weight as a function of total
mortality (within the range of mortality normally

W
T

Log,, mean weight (g)

2 1
(o] | 2

Total mortality(Z,year™")

Fig. 3. Weight (g, log scale) for the average fish in a population
with growth following the von Bertalanffy growth function, with
parameters W_ = 10* g, t =-0.1 year, K = 0.5 year!, as a function
of total mortality, Z (year!).

found for organisms of this size [i.e., from unexploited
to heavily exploited)).
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As can be seen from the figure, weight is strongly
correlated with total mortality rates in the observed
range. If the population is in steady state (as all
populations considered here are assumed to be),
total mortality rate is equivalent to production/
biomass ratio (P/B; Allen 1971). As the correlation is
negative, we suggest to use the inverse log (B/P) as
a measure of (log) size. The unit for biomass/
production is time, e.g., year.

To further explore the proportionality between
P/B and size, we have extracted 58 cases of reported
total mortality rates (or production/biomass ratios)
and corresponding organism weights from published
data (Table 1).

The correlation between the measure of size, i.e.,
log (B/P) and weight is shown on Fig. 4. As can be
seen, the two variables are highly correlated (r =
0.88). However, there is considerable variation
around the regression line. This is partly due to the
measure of size we used, which varies with the
exploitation rate (c.f. Fig. 3).

Using log (biomass/production) as an indirect
measure of size (or any of the other above-mentioned
direct measures of size), it is straightforward to plot
the compartments of a trophic model on a surface
defined by trophiclevel vs. organism size. This leads
to what we shall call here size-shifted models. This
name was selected because in aquatic ecosystems,
predators are usually much larger than their preys,
which induces a rightward shift in the resulting
graphs (Fig. 5).

Figs. 6a and 6b show size-shifted graphs of two
ecosystems, in which the flows are represented by

S5
) .o.°: s :... ’
T

log weight (g)

-2 -1 o '

log (biomass/production)(year)

Fig. 4. Averageweight (log) as a function of inverse mortality (or
B/P) rate for 58 groups (see Table 1).

straight lines. Fig. 6aillustrates a case in which size
and trophiclevel correlate rather well, for all groups.
On the other hand, atleast three of the groups in Fig.
6b are outliers. A closer examination justifies the
position of group (5), i.e., of turtles. These are large
organisms feeding on small plants. For the other
groups that seem misplaced, i.e., (2) monk seals, (3)
birds, and perhaps (1) tiger sharks, it should be
noted that the P/B ratios used were preliminary
estimates, and it might be that these groups do not
have the high P/B ratios that were assumed. These
and similar observations suggest the general
usefulness ofthis approach, and of outliers to pinpoint
questionable P/B ratios.

The shift that is observed on Figs. 6a and 6b can
be quantified by calculating the slopes of all
nonrespiratory and nondetrital flows in a system,
then taking the geometric mean of all positive slopes
weighted by the size of the flows. For the two
systems on Figs. 6a and 6b, the slopes are almost the
same, 1.00and 0.98, respectively (disregarding flows
from the three outlier groups on Fig. 6b).

We propose that the value of this slope for a given
ecosystem be used to characterize the way trophic
levels and size interact in the ecosystem in question.

Using the Z-Axis - Flow Intensity

The size-shifted models described above and in
Figs. 5 and 6 have two dimensions: trophic level and
organism size. However, since the publication of
Fasham (1984), awareness of the importance of
flows has considerably increased and new approaches
for derivingindicesofecosystem structure exclusively
from network of flows have been developed (e.g.,
Ulanowicz 1986).

Similar developments have not occurred at the
graphical level, however, i.e., no approach appears
to have been proposed to date to graphically express
the “signature” of an ecosystem’s network of flows.

We propose that such a signature be obtained by
adding a third dimension to graphs such as Fig. 6,
i.e., by expressing the (nonrespiratory and
nondetrital) flows as arrowswith awidth proportional
to the log of their intensity, adding up overlapping
flows (by grid squares) then drawing isolines of the
log flow intensity for the whole system (Fig. 7).

Asmightbe seen, this approach leads to complete
obliteration of the boxes of a system, and of the
individual flows between them, leaving only an
isopleth diagram to characterize the system as a
whole.

We suggest that such graphs, perhaps even
better than the index b (see above) could be used to
characterize the size-shifted nature of the network
of flows used to represent steady-state trophic
ecosystem models.
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Table 1. Reported total mortality rates (Z) (or production/biomass ratios [P/B]) and the organism weights for 58 groups of organisms.

Species/group P/B or Z (year?) Weight (g)2 References
Bacteria 197.00 1.00-10°12 Lewis (1981)
Microbial population 21.90 6.67-108 Sorokin (1981)
Eurocercus lamellatus 20.00 2.00-104 Jorgensen (1979)
Microbial population 18.25 3.33-10°° Sorokin (1981)
Microbial population 12.17 6.25-10° Sorokin (1981)
Nematoda 8.38 6.85-10° Warwick et al. (1979)
Shrimps 7.57 6.00-10! Abarca-Arenas and Valero-Pacheco

(this vol.)

Tantarsini 6.50 1.00-10! Jorgensen (1979)
Shrimps 5.38 6.00-10! Arreguin-Sanchez et al. (this vol.)
Shrimps 5.38 6.00-101 Chévez et al. (this vol.)
Meiofauna 5.33 6.40-10°3 Elmgren (1984)
Zooplankton 5.00 3.31-10°3 Reyes-Marchant et al. (this vol.)
Hyalella 4.50 1.00 Jorgensen (1979)
Crabs 2.50 4.00-102 de la Cruz-Aguero (this vol.)
Anchoveta 2.30 1.00-102 Lewis (1981)
Goat fish 1.92 4.59-10% Mendoza (this vol.)
Sardine 1.80 2.00-102 Lewis (1981)
Loligo spp. 1.50 1.50-102 Cohen et al. (1982)
Illex spp. 1.50 6.00-102 Cohen et al. (1982)
Mugil spp. 1.20 5.00-10° Chavez et al. (this vol.)
Anchovies and sardines 1.13 " 2.01-10% Mendoza (this vol.)
Herrings 1.11 4.00-10* Chavez et al. (this vol.)
Octopus 1.10 1.09-104 Chévez et al. (this vol.)
Mojarra 1.09 3.00-102 Chévez et al. (this vol.)
Bonito 0.91 1.50-104 Lewis (1981)
Horse mackerel 0.85 3.00-10° Lewis (1981)
Mackerel 0.85 8.00-102 Lewis (1981)
Squids 0.84 2.07-10% Mendoza (this vol.)
Mackerel 0.73 8.00-102 Sheridan et al. (1984)
Cod 0.72 3.04-10* Cohen et al. (1982)
Lutjanus spp. 0.70 1.50-104 Chévez et al. (this vol.)
Porgies 0.65 5.00-103 Chavez et al.( this vol.)
King mackerel 0.65 5.00-10* Chavez et al. (this vol.)
Croakers 0.64 3.14-10° Mendoza (this vol.)
Yellowtail flounder 0.63 1.20-10% Cohen et al. (1982)
Catfish 0.62 6.62-102 Mendoza (this vol.)
Mackerel 0.62 4.16-102 Mendoza (this vol.)
Silver hake 0.59 9.00-102 Cohen et al. (1982)
Scombrids and barracudas 0.57 9.41-10° Mendoza (this vol.)
Grunts 0.57 5.86-102 Mendoza (this vol.)
Sharks 0.50 6.26-10° Browder (this vol.)
Red grouper 0.50 2.30-10* Chévez et al. (this vol.)
Snappers and groupers 0.49 2.98-10° Mendoza (this vol.)
Other flounders 0.46 1.20-10% Cohen et al. (1982)
Red hake 0.46 8.00-102 Cohen et al. (1982)
Pollock 0.46 1.00-104 Cohen et al. (1982)
Carangids 0.45 4.78-102 Mendoza (this vol.)
Snappers 0.44 0.50-10¢ Chévez et al. (this vol.)
Haddock 041 5.40-108 Cohen et al. (1982)
Small sharks 0.40 7.00-10° Mendoza (this vol.)
Grunts 0.40 1.00-104 Chavez et al. (this vol.)
Mackerel 0.34 8.00-102 Cohen et al. (1982)
Sharks 0.32 6.26-10° Chaévez et al. (this vol.)
Hake 0.30 1.00-104 Lewis (1981)
Arius spp. . 0.29 2.60-10% Chavez et al. (this vol.)
Herring 0.29 4,00-10* Cohen et al. (1982)
Sharks 0.28 6.26-10° Sheridan et al. (1984)
Redfish 0.24 2.00-103 Cohen et al. (1982)

2Reported mean weights or maximum reported weight * 0.3, to approximate mean weight in population.
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Fig. 5. Size-shifted representation of the French Frigate Shoals ecosystem model. The positions of the boxes are based on the average
“size” of the organisms they contain (as represented by log B/P) and their trophic level.
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" Fig. 6a. Size-shifted representation of
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Fig. 6b. Size-shifted represen-
tation of the French Frigate
Shoals ecosystem (Polovina
1984). All flows are included.
(Cf. with Fig.2)
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Fig. 7. “Signature” of a steady-state trophic ecosystem model
(Western Gulf of Mexico, Chéavez and Arreguin-Sanchez, this vol.)
as an isopleth of flow intensity.

Conclusion

Time will tell whether any of the suggested new
approaches for graphical representation of steady-
state trophic models will become widely accepted.
We hope, however, to have initiated a discussion and
that the rapidly improving software for graphing
will not just lead to an increased occurrence of the
“ducks” or junk-graphs justifiably criticized by Tufte
(1983}, but that the constructors of ecosystem models
will use their creative abilities to make graphs that
are of pleasure for the eye as well as for the mind.
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Abstract

Lake Ontariois one of the Great Lakes of North America. The lake has been intensively studied for many decades
and only now is there enough information to attempt development of an energy food web. Unfortunately, not all
parameters for the food web are obtainable from the lake itself. Therefore, where necessary, information has been
collected from laboratory work or from other lakes in the region with similar climate and ecosystem structure. Yearly
solar energy input to Lake Ontario is 8.3 x 10 J. Our results show that phytoplankton has a yearly production of
3.13x10Y7J. This production leads to yearly salmonines production of 2.20 x 104 J. This calculation is representative
over the past 20 years. Assumptions, missing data and research needs are stated as a necessary basis for
understanding of the food web. Since the food web is not balanced, the AUTOMOD program was used for model

construction.

Introduction

The food web structure of Lake Ontario, one of
the Great Lakes of North America, has been recon-
structed mostly using published data. This food web
is cumulative (Schoenly and Cohen 1991) in the
sense that information was gathered over many
occasions, about 20 years. All data presented here
are in energy terms (joules). Flint (1986) published
a food web of Lake Ontario in terms of carbon flow;
however, his representation and ours differ signifi-
cantly. Our food web contains a detrital compart-
ment and the top predator compartment is not
aggregated but is replaced by the five most impor-
tant species. Much information from phytoplankton
to fish, are missing or contained in databases not
available to the scientificcommunity at large. Where
assumptions are necessary, they are explicitly stated.
Note that Pontoporeia hoyi (in Tables 1, 2 and Figs.
1-3)is now considered a species of Diporeia (Bousfield
1989).

The Food Web Compartments

Some compartments were aggregated, such as
phytoplankton, zooplankton and benthos, while oth-
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ers were at the species level. Ideally, we would have
liked to subdivide some compartments (such as the
benthos compartment into tubificids and chironomids
and the zooplankton compartment into cladocerans,
copepods and omnivorous zooplankton); however,
lack of data prevented us from doing this procedure
for all organisms. Two species were left out com-
pletely because of the lack of an energy budget, the
lamprey and the zebra mussel. Both species are
important in the food web but until more knowledge
regarding these species has been published they
have to be left out. Trophic links were established
with information concerning the diet habits of the
major compartments (usually from stomach con-
tents).

The computation of the energy balance is pre-
sented in Schito and Halfon (1992). The main
assumption is that the energy flux through the
living compartments can be calculated with the
equation:

Consumption =respiration + SDA + production +
egestion + excretion w.1)

where all terms are expressed in joules (J) per
day and where SDA refers to “specific dynamic
action” (see e.g. Jobling 1983). In all calculations we
used a volume of 1.68 x 10!2 m3 and an area of 1.95
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x 10° m? for Lake Ontario. All data for living
organisms are expressed in fresh weight; when dry
weights were reported in the literature they were
converted (Table 1). Data reported on a per hour or
per year basis were reexpressed on a daily basis.
In many instances, data were not available on
metabolic processes of fish. In this case, we used
bioenergetic models for alewife (Stewart and

Binkowski 1986), for chinook and coho salmon
(Hewett and Johnson 1987), for brown trout (Elliott
1976) and for lake trout (Stewart et al. 1983). To
estimate the energetics of slimy sculpin and rainbow
smelt, we used a bioenergetic model for northern
pike (Hewett and Johnson 1987). We evaluated the
bioenergetics of rainbow trout based on a lake trout
model (Stewart et al. 1983).

Table 1. Model components, and conversion values used to build a Lake Ontario food web.

Compartment Assumptions Sources
Detritus 4,421 keal'g! dry weight Cummins and Wuycheck (1971)
Phytoplankton 3,482 keal'g! dry weight Cummins and Wuycheck (1971)
dry weight = 0.1'wet weight
Zooplankton 1,987 Jg! wet weight cale. from Stewart and Binkowski (1986)
dry weight = 0.1'wet weight
1g O, respired = 14,150 J approx. from Elliott and Davison (1975),
and Brinkhurst and Austin (1979)
Other benthos 3,558 J'g! wet weight cale. from Gardner et al. (1985)

Mysis relicta

Pontoporeia hoyi
(= Diporeia sp.)

Slimy sculpin
(Cottus cognatus)

Rainbow smelt
(Osmerus mordax)

Alewife
(Alosa pseudoharengus)

All salmonines

dry weight = 0.15-wet weight
1g O, respired = 14,150 J

4,604 J'g! wet weight

dry weight = 0.21'wet weight
preferred temperature = 4°C
average weight = 2.6 mg dry weight
1g O, respired = 14,150 J

4,185 J-g! wet weight

dry weight = 0.27-wet weight
preferred temperature = 5°C
average weight = 1.34 mg dry weight
1g O, respired = 14,150 J

5,743 J'g! wet weight

dry weight = 0.25'wet weight
preferred temperature = 5°C
average weight = 10 g wet weight
1g O, respired = 13,560 J

6,656 J'g! wet weight

dry weight = 0.25-wet weight
preferred temperature = 11.1°C
average weight = 5 g dry weight
1g O, respired = 13,560 J

6,000 J-g! wet weight

dry weight = 0.25'wet weight
preferred temperature = 17.4°C
average weight = 20 g wet weight
1g O, respired = 13,560 J

10% of population weight is juvenile
10% of population removed by fishing
2.91 x 108gC-yr! of salmonines stocked

Strayer and Likens (1986)
approx. from Elliott and Davison (1975),
and Brinkhurst and Austin (1979)

Stewart et al. (1983)

Evans and Landrum (1983)

J. Elrod (pers. comm.)

Borgmann (1985)

approx. from Elliott and Davison (1975),
and Brinkhurst and Austin (1979)

Stewart et al. (1983)

Evans and Landrum (1983)

J. Elrod (pers. comm.)

Borgmann and Whittle (1983)

approx. from Elliott and Davison (1975),
and Brinkhurst and Austin (1979)

Rottiers and Tucker (1982)
Coutant (1977)

assumption

Elliott and Davison (1975)

Rottiers and Tucker (1982)
Olson et al. (1988)

Borgmann (1985)
Elliott and Davison (1975)

cale. from Stewart and Binkowski (1986), J.

Elrod (pers. comm.), Rottiers and Tucker
(1982)

Olson et al. (1988)
assumption
Elliott and Davison (1975)

assumption
Flint (1986)
Flint (1986)

continued
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Compartment Assumptions Sources
total biomass = 0.1<(alewife+sculpin assumption
+ smelt biomass)
1 g O, respired = 13,560 J Elliott and Davison (1975)
Lake trout average weight = 500 g dry weight Borgmann (1985)

(Salvelinus namaycush)  preferred temperature = 10.1°C

10,646 J-g'! wet weight for adults

juvenile average weight = 260 g wet weight

6,501 J'g! wet weight for juveniles
31% of total salmonid biomass
31% (by weight) of total stocked

Chinook salmon
(Oncorhynchus
tshawytscha)

average weight = 250 g dry weight

preferred temperature = 14.4°C
6,749 J'g'! wet weight for adults

juvenile average weight = 160 g wet weight

5,921 J'g’! wet weight for juveniles
36% of total salmonid biomass
36% (by weight) of total stocked

Coho salmon
(Oncorhynchus kisutch)

average weight = 250 g dry weight
preferred temperature = 14°C
6,749 J'g'! wet weight for adults

juvenile average weight = 160 g wet weight

5,921 J'g'! wet weight for juveniles
10% of total salmonid biomass
10% (by weight) of total stocked

Brown trout
(Salmo trutta) preferred temperature = 13.4°C

6,500 J'g'! wet weight

juvenile average weight = 260 g wet weight

13% of total salmonid biomass

13% (by weight) of total salmonines

Rainbow trout
(Oncorhynchus mykiss)

average weight = 250 g dry weight
preferred temperature = 13.8°C
8,780 J'g! wet weight for adults

juvenile average weight = 160 g wet weight

6,193 J'g'! wet weight for juveniles
10% of total salmonid biomass
10% (by weight) of total stocked

average weight = 2,000 g wet weight

Olson et al. (1988)

calc. from Stewart et al. (1983)
Stewart et al. (1983)

calc. from Stewart et al. (1983)

based on Savoie and LeTendre (1990 )
based on Savoie and LeTendre (1990)

assumption

Olson et al. (1988)

calc. from Stewart and Ibarra (1991)
cale. from Niimi (1981)

calc. from Stewart and Ibarra (1991)
based on Savoie and LeTendre (1990)
based on Savoie and LeTendre (1990)

Borgmann (1985)

adjusted using Coutant (1977)

calc. from Stewart and Ibarra (1991)
cale. from Niimi (1981) -

calc. from Stewart and Ibarra (1991)
based on Savoie and LeTendre (1990)
based on Savoie and LeTendre (1990)

assumption

Olson et al. (1988)

calc. using P/B

assumption

based on Savoie and LeTendre (1990)
based on Savoie and LeTendre (1990)

assumption

adjusted using Coutant (1977)

calc. using Stewart et al. (1983)
assumption

calc. using Stewart et al. (1983)
based on Savoie and LeTendre (1990)
based on Savoie and LeTendre (1990)

The Food Web

Fig. 1 shows the Lake Ontario food web. This
figure integrates the information available aslate as
the summer of 1991. Table 2 summarizes all avail-
able data and the procedures used to compute the
values in Fig. 2. The five species of predatory fishes
are sustained through the food chain from energy
originally synthesized from the sun by
phytoplankton. This food web is not balanced in
energy terms, the major problem being that there is
not enough measured zooplankton production to
sustain alewife. Conversely, alewife biomass might
have been overestimated. A second problem is that

good lakewide measurements of phytoplankton pro-
duction in Lake Ontario are missing in the 1980s;
thus, it is difficult to present a really up to date
description of the food web. More details and a
complete discussion of the food web are presented in
Schito and Halfon (1992).

Food Web Analysis

The problem of assembling literature data from
different sources is that they are not necessarily
compatible. Ulanowicz (1989) suggested the use of a
mathematical model to interpret food web data, for
which he developed a computer program,
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Fig. 1. A simplified description of the Lake Ontario food web.

AUTOMOD, that integrates all available information
and produces a simulation. AUTOMOD is “a generic
simulation model for treating incomplete sets of data.
This software provides the user with an objective
means for balancing a dataset or for inferring the
values of missing data (or for doing both simultane-
ously).” AUTOMOD has two options that work in a
mass balanced way, one linear donor-controlled, the
other predator-controlled. With the available data for
Lake Ontario, the predator controlled model became
unstable and some species, such as alewife went
extinct. The results presented in Table 3 were ob-
tained, therefore, with the linear, donor-controlled
model.

A linear model provides generality and stability
but cannot generate surprising results. The model is
a good tool to integrate the information and assess
where errors lie. AUTOMOD was ran four times; the
first run, based on unprocessed food web data, showed
that the estimate of energy entering and being used by
phytoplankton was much too large, with biomasses
exceeding many times over the observed values. In the
second run, the input to phytoplankton was reduced
from 44,000 to 6,840 J-day!. This amount was calcu-
lated to keep phytoplankton biomass steady at 44,000
J m?2 In this run, however, detritus was increased
from 1.6 million J m™ to 3.8 million J m?2. Since the
concentration of detritus in Lake Ontario is well

known, we increased, in the third run of AUTOMOD,
the loss of detritus to the environment to keep detritus
concentration steady. This change of parameter val-
ues removes detritus from the food web through
sedimentation to the bottom. Detritus that sediments
tothe bottom but remains a component ofthe food web,
is taken into account through flows to benthos and to
P. hoyi. The result of the third run was that both
phytoplankton and detritus biomasses were kept at
the observed levels of 44,000 and 1,600,000 J m?2,
respectively. Fig. 3 shows the balanced food web
obtained from AUTOMOD.

In the food web, the other 12 compartments as-
sumed a new equilibrium value, reached after the
simulation was ran for 2,070 days. Table 3 shows the
initial and final values of the simulations. Benthos
biomass increases about 20% to a new steady state,
which is probably due to uncertain initial conditions.
The biomass of alewife, rainbow smelt, slimy sculpin,
P. hoyi, Mysis and zooplankton decreased; this sug-
gests that the energy flows among compartments are
lower than we estimated from the literature.

The biomass of the five fish at the top of the food
chain, i.e., lake trout, chinook salmon, rainbow trout,
coho salmon and brown trout, barely changed from
the second run. Thus, detritus seems to play a minor
role in determining the fish carrying capacity of the
lake. Rather these top five fish species appear to
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Fig. 2. The food web as obtained from the data analysis.
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Table 2. Data used to construct food web model of Lake Ontario.
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Compartment Value
and process Reported Converted® Sources
Detritus
Mass 1 mg dry weight-L-1 3.11x1018J
Import (all sources) 9.14 x 106 t'year! 4.63x 10 Jday! Kemp and Harper (1976)
Export 3.44 x 106 tyear?! 1.74 x 10" J-day! Kemp and Harper (1976)

Phytoplankton
Biomass
Production
Sedimentation

Zooplankton
Biomass
Production
Respiration
SDA
Excretion
Egestion
Sedimentation
Consumption

Benthos
Biomass
Production
Respiration
SDA
Excretion+egestion
Consumption

Mysis relicta
Biomass
Production
Respiration
SDA
Excretion
Egestion
Consumption

Pontoporeia hoyi
Biomass
Production
Respiration
SDA
Excretion+egestion

Consumption

Slimy sculpin
Biomass
Production
Respiration
SDA
Excretion
Egestion
Consumption

Rainbow smelt
Biomass

Production
Respiration
SDA
Excretion
Egestion
Consumption

0.35 g fresh weight'm™?
P/B = 365'year!
1 mday!

23.41 mg dry weight'm-3

13.99 g dry weight'm%year! (calc.)
0.01 g 02:glday!

none

3% of consumption

65% of consumption

1 m'day?!

computed

206.1 mg dry weightm2 (calc.)
0.012 kcal'm>day!

0.14 pL 02dry mg'hour!
none

50% of consumption

computed

0.53 g dry weight'm™ (calc.)
1.64 g dry weight'mZyear™
equation; see reference

3% of consumption
70% of consumption
computed

14.96 x 10% t dry weight below 10 m
30.99 x 10° t dry weight-year!
equation; see reference

included in respiration

50% of consumption

computed

modelled after northern pike
2,502 tin U.S. water

P/B = 1'year!

equation; see reference
11.2% of consumption™**
5.7% of consumption**
18.1% of consumption
computed

modelled after northern pike
1.20x109¢g

P/B = 1'year!

equation; see reference**
11.2% of consumption
5.6% of consumption

20% of consumption
computed

8.57x1014J
8.57 x 101 J-day!
9.95 x 1012 J-day!

7.81x1014J

1.49 x 1013 J-day™?
5.56 x 1013 J-day!
none

6.60 x 10'2 J-day!
1.43 x 104 J-day!
9.07 x 10" J-day!
2.20 x 1014 J-day!

9.53x 1013

9.80 x 1011 J-day!
2.68x 1011 J-day!
none

1.25 x 102 J'day!
2.50 x 1012 J'day!

2.27x 1014 J
1.92x 102 Jday?
4.98 x 1012 J-day!

7.68x 1011 J-day!
1.79 x 1013 J'day™!
2.56 x 1013 J-day?

2.32x104J
1.32x 1012 J-day!
4.30x 1012 J-day!

5.62x 10'2 J-day!
1.12x 103 J-day!

2.87x1013J

7.86x 1010 J-day?!
1.64 x 10! J-day!
4.18 x 1019 J'day™!
2.13x 1010 J-day!
6.75 x 1010 J-day!
3.73 x 10" Jday-!

9.45x10%%J

2.59 x 101 J-day-!
5.75 x 101! J-day!
1.48 x 1011 J-day?!
7.39x 1019 J-day!
2,64 x 1011 J-day!
1.32 x 1012 J-day?!

Munawar et al. (1987)
Borgmann and Whittle (1983)

Makarewicz and Jones (1990)
Johannsson and O’Gorman (1991)

Park et al. (1974), Scavia et al. (1974)

none

Park et al. (1974), Scavia et al. (1974)
Park et al. (1974), Scavia et al. (1974)

this study

Johannsson et al. (1985)
Stadelmann et al. (1974)
Brinkhurst et al. (1972)
assumption

Welch (1968)

this study

Shea and Makarewicz (1989)
Shea and Makarewicz (1989)
Lasenby and Langford (1972)
included in respiration

Park et al. (1974), Scavia et al. (1974)

Thomann and Connolly (1984)
this study

Johannsson et al. (1985)
Johannsson et al. (1985)
Johannsson et al. (1985)

Welch (1968)
this study

Gray (1979)

Borgmann (1985), Flint (1986)
Hewett and Johnson (1987)
Hewett and Johnson (1987)
Hewett and Johnson (1987)
Warren and Davis (1967)

this study

cale, from O’Gorman et al. (1987)
and Gray (1979)

Borgmann (1985), Flint (1986)
Hewett and Johnson (1987)
Hewett and Johnson (1987)
Hewett and Johnson (1987)
Hewett and Johnson (1987)

this study

continued
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Table 2 continued.

Compartment
and process Reported Converted” Sources
Alewife
Biomass 887,700 t in U.S. waters 1.05x1015J calc. from O’Gorman et al. (1987)
Production P/B = 1year! 2.87 x 1012 J-day! Borgmann (1985), Flint (1986)
Respiration equation; see reference 8.99 x 1013 J-day! Stewart and Binkowski (1986)
SDA 14.7% of consumption 2.23 x 1013 J-day! Stewart and Binkowski (1986)
Excretion 8.4% of consumption 1.28 x 1013 J-day! Stewart and Binkowski (1986)
Egestion 16% of consumption 2.43 x 1013 J-day™! Stewart and Binkowski (1986)
Consumption computed 1.52 x 1014 J-day! this study
Lake trout
Biomass
adult 541x109¢g 576 x10'3J based on Savoie and LeTendre (1990)
juvenile 6.01x108g 391x10'%J assumption
Production
adult P/B = 0.2'year’! 3.16 x 100 J-day™! Borgmann (1985)
juvenile P/B = 0.27year! 2.14 x 10% J-day! Borgmann (1985)
Respiration
adult equation; see reference 6.77 x 1010 J-day! Stewart et al. (1983)
juvenile equation; see reference 1.38 x 1010 J-day! Stewart et al. (1983)
SDA
adult 13.1% of consumption™ 2.31 x 1010 J-day?! Stewart et al. (1983)
juvenile 13.6% of consumption™ 3.71 x 109 J-day! Stewart et al. (1983)
Excretion
adult 6.8% of consumption™ 1.20 x 1010 J-day'! Stewart et al. (1983)
juvenile 7.0% of consumption™ 1.91 x 109 J-day! Stewart et al. (1983)
Egestion
adult 23.8% of consumption®* 4,19 x 10'0 J-day! Stewart et al. (1983)
juvenile 21.0% of consumption®* 5.73 x 1099 J-day! Stewart et al. (1983)
Consumption
adult computed 1.76 x 1011 J-day? this study
juvenile computed 2.73 x 1010 J-day?! this study
Import 31% of total salmonid import 2.68 x 1010 J-day! calc. using Flint (1986) and
Savoie and LeTendre (1990)
Export 10% of production 3.37 x 10% J-day?! Flint (1986)
Chinook salmon
Biomass
adult 6.28x109¢g 424x1013J based on Savoie and LeTendre (1990)
juvenile 698x108¢g 4.13x102J assumption
Production modelled after coho salmon
adult P/B = 3.0'year’! 3.49 x 101 J-day! assumption
juvenile P/B = 3.0-year! 3.40 x 1010 J-day! assumption
Respiration
adult equation; see reference 1.42 x 1011 J-day! Hewett and Johnson (1987)
juvenile equation; see reference 2.45 x 1010 J-day! Hewett and Johnson (1987)
SDA
adult 13.4% of consumption™* 1.17 x 101 J-day?! Hewett and Johnson (1987)
juvenile 13.9% of consumption™ 1.40 x 100 J-day! Hewett and Johnson (1987)
Excretion
adult 8.5% of consumption® 7.44 x 1010 J-day! Hewett and Johnson (1987)
juvenile 8.8% of consumption™ 8.89 x 10%9 J-day! Hewett and Johnson (1987)
Egestion
adult 22.0% of consumption®™ 1.93 x 101 J-day! Hewett and Johnson (1987)
juvenile 19.1% of consumption®* 1.92 x 1010 J-day! Hewett and Johnson (1987)
Consumption
adult computed 8.75 x 1011 Jday! this study
juvenile computed 1.01 x 1011 J-day! this study
Import 36% of total salmonid import 2.84 x 1010 J-day?! calc. using Flint (1986) and
Savoie and LeTendre (1990)
Export 10% of production 3.83 x 1010 J-day! Flint (1986)
Coho salmon
Biomass
adult 1.76x109¢g 1.18x1013J based on Savoie and LeTendre (1990)

continued
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Compartment Value
and process Reported Converted® Sources
juvenile 1.94x 108 g 1.15x 1012 J assumption
Production
adult P/B = 3.0'year! 9.70 x 1010 J-day! Borgmann (1985)
juvenile P/B = 3.0year! 9.45 x 10% J-day! Borgmann (1985)
Respiration
adult equation; see reference 3.85 x 1010 J-day! Hewett and Johnson (1987)
juvenile equation; see reference 6.27 x 109 J-day! Hewett and Johnson (1987)
SDA
adult 13.4% of consumption®™ 3.24 x 1019 J:day™! Hewett and Johnson (1987)
juvenile 13.9% of consumption™ 3.77 x 10%° J-day! Hewett and Johnson (1987)
Excretion
adult 8.4% of consumption® 2.03 x 1010 J-day! Hewett and Johnson (1987)
juvenile 8.8% of consumption™ 2.39 x 109 J-day! Hewett and Johnson (1987)
Egestion
adult 22.2% of consumption™ 5.37 x 1010 J-day! Hewett and Johnson (1987)
juvenile 19.3% of consumption®* 5.23 x 10% J-day! Hewett and Johnson (1987)
Consumption
adult computed 2.42 x 101 Jday! this study
juvenile computed 2.71 x 1010 J'day™! this study
Import 10% of total salmonid import 7.88 x 1099 J-day’! calc. using Flint (1986) and
Savoie and LeTendre (1990)
Export 10% of production 1.07 x 1010 J-day! Flint (1986)
Brown trout
Biomass
adult 2.27x109¢g 1.48x 1013 J based on Savoie and LeTendre 1990
juvenile 2.52x108¢g 1.64x10'2J assumption
Production
adult computed 6.02 x 101° J-day! this study
juvenile computed 1.09 x 1010 J-day™* this study
Respiration
adult equation; see reference 9.90 x 1010 J-day! Elliott (1976)
juvenile equation; see reference 1.76 x 1010 J'day! Elliott (1976)
SDA
adult included in respiration
juvenile included in respiration
Excretion
adult 8.7% of consumption™ 2.01x 10% J-day™! Elliott (1976)
juvenile 8.7% of consumption™* 3.59 x 10% J-day! Elliott (1976)
Egestion
adult 22.4% of consumption®” 5.17x 1010 J-day™ Elliott (1976)
juvenile 22.4% of consumption** 9.25 x 109 Jday! Elliott (1976)
Consumption
adult equation; see reference 2.31 x 10! J-day! Elliott (1976)
juvenile equation; see reference 4.13 x 1010 J-day! Elliott (1976)
Import 13% of total salmonid import 1.13 x 1019 J-day! calc. using Flint (1986) and
Savoie and LeTendre (1990)
Export 10% of production 7.11 x 1099 J-day! Flint (1986)
Rainbow trout
Biomass modelled after lake trout
adult 1.75x109¢g 1.54x 1013 J based on Savoie and LeTendre (1990)
juvenile 1.94x108 ¢ 1.20x1012J assumption
Production
adult P/B = 0.2'year’! 8.44 x 10% J'day! assumption
juvenile P/B = 0.2'year’! 6.58 x 1008 J-day assumption
Respiration
adult equation; see reference 6.32 x 1010 J-day! Stewart et al. (1983)
juvenile equation; see reference 1.13 x 1019 J-day! Stewart et al. (1983)
SDA
adult 13.4% of consumption™ 1.72 x 10'° J-day™! Stewart et al. (1983)
juvenile 13.9% of consumption” 2.86 x 109 J-day! Stewart et al. (1983)
Excretion
adult 8.4% of consumption™ 1.08 x 1019 Jday! Stewart et al. (1983)

continued
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Table 2 continued.

Compartment Value
and process Reported Converted” Sources
juvenile 8.7% of consumption™ 1.79 x 10% J-day'! Stewart et al. (1983)
Egestion
adult 22.3% of consumption™” 2.85 x 1010 J:day! Stewart et al. (1983)
juvenile 19.4% of consumption** 4.00x 1099 J-day! Stewart et al. (1983)
Consumption
adult computed 1.28 x 1011 J-day! this study
juvenile computed 2.06 x 1019 J-day? this study
Import 10% of total salmonid import 8.24 x 1009 J-day! cale. using Flint (1986) and
Savoie and LeTendre (1990)
Export 10% of production 9.10 x 10% J-day! Flint (1986)

-

computed using equation from reference cited.

Table 3. Comparison of compartment biomasses (J m?). See text.

values converted through application of assumptions outlined in Table 2.

AUTOMOD simulations (steady state)

Compartment Literature value Input to phytoplankton Input to phytoplankton
(calibrated) and export to detritus (calibrated)
Lake trout 3,150 5,000 3,030
Chinook salmon 2,390 4,190 2,500
Rainbow trout 851 1,060 641
Coho salmon 667 1,180 701
Brown trout 841 1,290 772
Alewife 53,900 56,100 33,200
Rainbow smelt 4,850 5,900 3,180
Slimy sculpin 1,470 2,120 1,080
Pontoporeia hoyi 11,900 15,700 7,780
Benthos 4,890 11,100 6,620
Mysis relicta 11,600 14,400 8,610
Zooplankton 40,100 40,500 24,200
Phytoplankton 44,000 43,900 43,900
Detritus 1,600,000 3,730,000 1,580,000

depend on primary production, which is transferred to
them both through the pelagic food chain through
zooplankton, Mysis, smelt and alewife, and through
the bottom food chain, P. hoyi and sculpin.

Discussion

Knowledge of the complete food web of a large lake,
such as Lake Ontario can be put to different uses. One
is that the information on the food web can be com-
bined with knowledge of toxic pollutants. Thus, it is
possible to assess the transfer of such pollutants
through food chains and improve a “fate” model of
Lake Ontario. Another use is to assist limnologists
and fish specialists to assess the role that each organ-
ism plays in biomass production in Lake Ontario.

The food web presented here requires improvement
since the data stem from avariety of sources, and were
collected in different years and seasons with a variety
of techniques. Coordinated research efforts are now
occurring in Canada and the United States, but it

might be a few more years before the resulting
information can be summarized. Improvements would
result if more data on the bicenergetics of rainbow
trout, rainbow smelt and slimy sculpin became
available. Rainbow trout is the only stocked species
whose bioenergetics in a natural environment has not
been studied in detail. Presently, bioenergetic models
for these species are being developed (D. Stewart,
pers. comm.), and they are expected not only to assist
in the improvement of the Lake Ontario food web, but
also to aid other researchers studying the ecology of
these organisms.

Ancther factor is the occurrence of zebra musselsin
Lake Ontario, where theyhave established themselves
as a significant component of the ecosystem.
Considering the impact they can be expected to have
on the resources of the lake, it will become necessary
toincorporate them soon into models of Lake Ontario.

Simulation models, such as AUTOMOD, can help
in the analysis of difficult groups, such as the
zooplankton compartment; however it must be realized



that the solution they offer are only provisional, and
must be verified by appropriate field studies.
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Abstract

A generic model of continental shelf ecosystems has been developed which uses size as a proxy for trophic level
in characterizing food web structure. The model parameters can be adjusted to represent a wide range of continental
shelfenvironments differingin physical characteristics such as temperature and mixing rates. The model also allows

for different nutrient levels and types.

Introduction

The role of size in determining how organisms
are constructed and how they function has longbeen
appreciated (Galileo 1638; Thompson 1942; Bonner
1965). The use of size-structured models to describe
aquatic ecosystems was pioneered by Sheldon and
coworkers (Sheldon and Parsons 1967; Sheldon et
al. 1972, 1977). The concept originated with the
empirical observation that the slope of a biomass
spectrum, i.e., a plot of the biomass concentration
expressed in gm of particles in logarithmically
equal size ranges, is close to constant.

Subsequent research has established a solid foun-
dation for the use of size to classify marine organ-
isms (Fenchel 1974; Kerr 1974; Platt and Denman
1977, 1978, Silvert and Platt 1978, 1980; Platt and
Silvert 1981; Schwinghamer 1981; Sprules and
Munawar 1986). The major supporting factors in-
clude:

o theslopeofthe biomass spectrumis anindicator

of the health and productivity of the ecosystem;

e the shape of the biomass spectrum is

characteristic of the environment;

¢ thebiomass spectrumis easily measured with

devices such as calibrated nets, sieves and
Coulter counters;

¢ predation can easily be described on the basis

of size;

o size is a good predictor of metabolic rates, life
span, and other ecologically important
quantities; and

s aggregation onthebasis of size generally leads
to far more realistic models than other
aggregation schemes.

These advantages have been exploited by using
size as a primary descriptive variable in construct-
ing dynamic models of marine environments. In
cases where description solely on the basis of size is
not acceptable, an extended biomass spectrum can
be extended to include size classes within a coarse-
grained taxonomic framework (Fig. 1). This ap-
proach has been used successfully for modelling
both estuarine and continental shelf ecosystems
(Gordon et al. 1986; Keizer et al. 1987; Silvert 1988).
As shown here for a typical continental shelf pelagic
submodel (Silvert 1988), this approach lets us gener-
alize a single size category to describe as many
functional groups as required by the model, while
still retaining many of the advantages of using size
as a primary descriptor.

Trophic Interactions

One of the great advantages of using size-struc-
tured models is that trophic interactions are largely
determined by particle size. Pelagic predators
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pattern of peaks, where the spring
Al Size range ' diatom blf)om is followed by
(mm) Fish blooms, first of all smaller
Largest 100-1,000 Large fish zooplankton (mostly small herbiv-
ores) and then of larger
Larger 10-100 Small fish Zooplankton zooplankton (consisting of larger
herbivores as well as carnivores
Large 1-10 Larvae Carnivores which feed on the small herbiv-
. ores). The 10-100 mm ESD organ-
Small Herb

m 0.1-1 oivores Phytoplankton isms (mostly planktivorous fish)
Smaller 0.01-0.1 Microplankton | Large algae show less intra-annual variation,
but they do peak in the fall after

Smallest 0.001-0.01 Small algae the zooplankton bloom.
Because this is not a strict food

Fig. 1. A possible aggregation scheme for a mixed size and taxonomically structured

model.

generally eat particles that are one or two orders of
magnitude smaller than themselves. Since the size
classes used in the models shown here cover a range
0fx10 in Effective Spherical Diameter (ESD), preda-
tion is modelled by assuming that organisms in one
size class eat those in the next two smaller size
classes. For example, organisms in the 10-100 mm
size range (identified as mostly small fish), feed on
organisms in the range 0.1-10 mm ESD, correspond-
ing tofish larvae and two size classes of zooplankton.

In a strictly size-structured model, each size class
is connected to the two classes below it (as a preda-
tor) and to the two above it (as prey). In the more
general extended size structure approach, a single
size class may include more than one functional
group, such as the 10-100 pum range which covers
both microzooplankton and algae. The result is a
food web structure which in many ways resembles a
food chain. Energy flows through this web from
smaller to larger organisms. In the annual simula-
tion shown in Figs. 2 and 3, this is reflected by the
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Fig. 2. Seasonal cycle of phytoplankton and bacteria.

chain, theenergy flow is dispersed
as it moves up the size spectrum,
and the peaksinthelargerclasses
are broader and less pronounced
than in the smaller size classes. The largest size
category exhibits virtually no dynamics (the largest
two size groups can of course migrate, but thisis not
incorporated in this simulation).

Annual Dynamic Patterns

The annual pattern of life in marine ecosystems
shows an interesting regularity when viewed in
terms of size structure changes rather than species
succession. Some typical results of simulations with
a generic continental shelf model are presented here
which show how these patterns develop. The sea-
sonal cycle of phytoplankton and bacteria is shown
in Fig. 2, and the response of four size classes of
grazers is shown in Fig. 3.

As is normal on continental shelves, there is a
marked spring bloom of diatoms which represents
the chief pulse of primary production into the sys-
tem. The simulations shown in Fig. 2 also show a
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Fig. 3. Seasonal cycle of animal populations.
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smaller diatom fall bloom as well as a summer
dinoflagellate bloom. The timing and magnitude of
these blooms depend largely on the physical envi-
ronment, represented by such factors as the strength
of summer stratification and the speed with which
this becomes established (rapid stratification causes
sudden crash of the spring bloom due to nutrient
depletion of the euphotic zone, while slower stratifi-
cation permits grazing to play a larger role in con-
trolling the phytoplankton populations).

Of greatest interest are the dynamics of the
animal populations. Four size classes are shown in
Fig. 3, and although these are labelled by the domi-
nant taxa, their formal description in the model is as
follows (sizes expressed as ESD):

Large fish 100-1,000 mm ESD
Small fish 10-100 mm ESD
Carnivores (invertebrate) 1-10 mm ESD
Herbivores (invertebrate) 0.1-1 mm ESD

It is interesting to note that although the
populations vary in size from 0.1 mm to 1,000 mm,
the biomass concentrations differ by little more than
a factor of two at any time during the year. This is
consistent with the empirical results of Sheldon et
al. (1972) which laid the foundation for size-struc-
tured modelling.

Ecosystem Stability

One of the most interesting questions in ecology
is whether natural ecosystems are naturally stable,
or whether at least part of the naturally observed
variability can be attributed to instabilities in their
internal dynamics.

Formal stability analysis of complex ecosystem
models is very difficult, but the dynamical behavior
of these models can be investigated by simulation
experiments over extended periods of time, varying
only the parameter values and initial conditions.

A series of such simulations has been carried out
with the Theoretical Macrocosm, a size-structured
model of one spatial compartment in a continental
shelf ecosystem (Silvert 1988). Many of these runs
indicate that the system can jump between multiple
quasi-stable points. The accompanying figures show
the results of a 25-year simulation in which, after a
two-year period of initial adjustment, the ecosystem
appears to stabilize in a state where the pelagic
community is dominated by organisms in the 10-100
mm ESD size range, as shown in Fig. 4. These are
mostly small planktivorous fish, as reflected by the
low levels of the planktonic size class. The benthic
community shown in Fig. 5 is dominated by deposit
feeders. During a relatively stable 10-year interval
the only marked changes are a large increase in the
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Fig. 4. Dynamics of animal populations over a 25-year simulation.
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Fig. 5. Dynamics of benthic populations over a 25-year simulation.

abundance of larger fish and benthic epifauna, both
of which can be viewed as top predators. The result
is an almost instantaneous transition to another
nearly stable state with a low biomass of small fish,
large zooplankton biomass, and the virtually com-
plete replacement of the macrobenthic community
by meiobenthic organisms.

This behavior is very unlike the more familiar
cyclic changes found in Lotka-Volterra models and
suggests that internal dynamics may contribute to
the variability and long-term changes in marine
ecosystems.

Conclusion

e Size-structured simulation models of marine
ecosystems are valuable tools for
understanding their dynamics and their
responses to environmental factors.

o Size-structured models have been used



successfully in modelling both estuarine and
continental shelf systems.

e The energy flow through pelagic marine
ecosystems proceeds along the size spectrum
from small to large organisms.

e Even deterministic simulation models can
generate multistable complex behavior that
may cast light on changes in community
structure.

e Size-structured models cannot answer all
questions; for example, they cannot be used to
predict the population dynamics of individual
fish stocks. They should however be considered
an essential tool in the investigation of marine
ecosystems.

The model is written in Fortran and runs on a
wide variety of computers, including MS-DOS, Mac-
intosh, and Atari ST desktops as well as minicom-
puters and mainframes, using the BSIM modelling
software to handle input, output and integration.
Please contact the author for further information.
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Abstract

Attempts to simulate an annual nitrogen cycle show that for semi-realistic results, a minimum of five nitrogen
“pools” is essential. These are: animals, phytoplankton, inorganic nitrogen and two pools of dead organic nitrogen.
Of these five compartments, the two pools of dead organic nitrogen make up at least 80% of the total nitrogen in the
system. The formation and breakdown of this material therefore has a considerable influence on the living
components of the system.

After the spring bloom, there is typically a period during which the relative magnitudes of the various nitrogen
compartments do not appear to vary very much. Attempts have been made to replicate this observation using
simulation studies and to determine values of the various parameters and flow rates that had to be used in these
simulations. Attention is drawn to the uptake of inorganic nitrogen by microorganisms. This nitrogen is required for
the manufacture of proteins by those microorganisms that utilize the soluble organic carbon that is released by
phytoplankton.

The magnitude of this flow can be calculated from simulation studies or steady-state calculations which indicate
that inorganic nitrogen uptake by microorganisms must be during the summer, of the same order of magnitude as
the uptake by phytoplankton. A better perception of the formation and breakdown of dead organic matteris essential

for simulation studies and for understanding how ecosystems work.

Introduction

This paper summarizes an attempt to simulate
an annual nitrogen cycle for a hypothetical region
based largely on the area off the east coast of
Scotland. This area is characterized by the fact that
during the summer, nitrate levels remain relatively
very low throughout the whole of the water column.
Also interchange with adjacent water masses
appears to be relatively small. To a first
approximation therefore it is appropriate to try to
account for the annual nitrate cycle without having
to consider significant horizontal interchange with
other areas, nor significant vertical interchange
across a thermocline. Fuller details and references
are given in Jones and Henderson (1987).

44

The Basic Framework

One objective of this study was to discover the
simplest nitrogen flow model that could be used for
producing realistic-looking simulations of annual
cycles of, for example, inorganic nitrogen and
phytoplankton nitrogen. Fig. 1 shows the results in
the form of a flow diagram based on five nitrogen
“pools”. Estimates have been obtained of the
magnitudes of the various pools, and the ways in
which these vary throughout the year. Details are
given in Jones and Henderson (1987).¢

The main conclusions from this study are as
follows: In summer, living material adds up only to
about 2 gN'm?2. In winter, inorganic nitrogen is
equal to 5-6 gN'm?. Throughout the year, dead
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Fig. 1. Pools and pathways in a simple nitrogen model. Numbers are representative of daily flows in mg N'm%day? during the

summer, postbloom period.

organic nitrogen, most of which is in the sediments,
amounts to about 18-30 gN'm2, depending on the
depth of sediment included. Dead organic nitrogen
makes up by far the largest part of the total nitrogen,
thus, so much emphasis is placed on its importance.

Dead organic matter is broken down by
microorganisms on time scales that range from
hours tothousands of years. Forsimulation purposes,
it is appropriate to distinguish, at the very least,
between time scales ofless than a productive season,
and time scales longer than a productive season.
This has been done and the terms “labile” and
“refractory,” respectively, have been adopted as a
convenient way of referring to these two groups of
dead organic matter.

Seasonal Variations in
Nitrogen and Nitrate

The decline in inorganic nitrogen in spring and its
subsequent reappearance in autumn is a striking and
readily observable phenomenon. Off the east coast of
Scotland, the decline is from a winter value of 5.6

gN'm? to a summer value that is less than 1 gN'm?2,

Regarding the spring bloom of phytoplankton,
measured spring peak values are about 1.2 gN'm2.
Due to the transitory duration of the peak at any one
location, however, it is likely that higher values than
this could occur for brief periods.

Although the various values given above are very
approximate, they do have one very important
implication. That is, that only some of the winter
inorganicnitrogenis transformed into living animals
by the summer. It is not certain how much of the
winter nitrate nitrogen is transitorily incorporated
into the spring bloom. However great this may be, it
is clear that by the end of the bloom, a large part of
the winter nitrate nitrogen is not in living material,
but is presumably in the form of dead organic
nitrogen.

The values above show that only a small part of
the autumn reappearance of nitrate can be accounted
for by the rundown of living biomass. The remainder
must come from the breakdown of labile organic
matter.

The conclusions reached so far are: Winter nitrate
nitrogen is converted, in summer, partly into living
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Fig. 2. Position of bacteria in a carbon flow model.

material, and partly into dead organic nitrogen. In
autumn, nitrate nitrogen reappears in the water
column, partly from a rundown of living material,
and partly from a breakdown of labile dead organic
matter.

Major Flows

For about 100 days after the decline of the spring
bloom, there are only relatively small variations in
the magnitudes of the various pools. The simulations
mustreplicate this observation as closely as possible.

Using computer simulations, values have been
derived for the magnitudes of the various pools and
flows and for a hypothetical 50 meter mixed water
column, based on parameter values from various
sources. The resulting flow rates, shown in Fig. 1,
are in units of mg N m2day" and represent a typical
set of summer values from a simulation run.

A particularly important feature of Fig. 1 is the
flow from inorganic nitrogen to bacteria, and from
bacteria to dead organic matter. From a simulation
viewpoint, this flow is essential. Without it, it is not
possible to maintain a semi steady-state system for
aperiod of as long as 100 days, as is necessary forthe
postspring bloom period. In real terms it seems
reasonable to suppose that this flow represents the
uptake of inorganic nitrogen by microorganisms,
and its eventual incorporation into dead organic
nitrogen. Just how this happens, is largely surmise.
Alikely explanation, however, is that this process is
connected in some way with the production and
breakdown of soluble organic carbon.

A characteristic of phytoplankton, is the
production of soluble organic carbon, and during
summer, when nutrientlevels arelow, the quantities
produced can be relatively large. This material is
taken up by bacteria and presumably converted into
microorganism biomass. Those microorganisms that
die without being ingested by something larger, add
some combination of labile and refractory matter to
the dead organic pools.

Grazing

N uptake

N uptake

Fig. 3. Position of bacteria in a nitrogen flow model.

Ifone were dealing with a carbon flow model, one
might visualize the flows shown in Fig. 2.
Phytoplankton takes up inorganic carbon. Some
carbonisincorporated into plant biomass and follows
the grazing pathway. The other carbon is released in
soluble organic form, and is taken up by bacteria and
incorporated into the detrital pathway.

Here, however, one is dealing with a nitrogen
flow model, and phytoplankton does not produce a
great deal of soluble organic nitrogen, and certainly
does not do so on a scale comparable with the release
of soluble organic carbon. To utilize soluble organic
carbon, bacteria have to obtain nitrogen (for proteins)
from some other source. The simplest assumption,
then, is that bacteria obtain inorganic nitrogen
directly from the inorganic nitrogen pool (Fig. 3).
There is experimental evidence that, in the presence
of glucose, bacteria do take up inorganic nitrogen
directly.

Conclusion

Inorganic nitrogen is seen to be a common source
of nitrogen forthe “detrital pathway” and the “grazing
pathway”. Therefore, bacteriathat take upinorganic
nitrogen to utilize soluble carbon, compete directly
with phytoplankton for inorganic nitrogen at a time
when inorganic nitrogen concentrations are typically
low. The resultant flow diverts nitrogen to the dead
organic compartment at the expense ofhigher trophic
levels and sets a limit to the effective level of animal
production.

Simulation studies also suggest that differences
in the relative magnitudes of the detrital and living
pathways, could be large enough to account for the
differences observed between different ecosystems.
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CULTURE SYSTEMS

Most modelling in aquaculture is process-ori-
ented. One tries to describe, e.g., the dynamics of a
pond, by describing all the component processes,
linking processes and submodels to form a synthesis
that can represent the system. Barnard’s paper in
this section on waterfowl management modelling is
a good example.

Models of the process-oriented type have shown
to be very useful in agriculture, e.g., for designing
optimum schemes for irrigation, fertilization, and
pest control, and other forms for crop-oriented opti-
mization. Less obvious is how they can be used to
optimize larger (integrated) systems due to the com-
plexity of the systems and the limited success in
making predictions for them.

For work with such systems, other approaches
should be considered instead of, or to supplement
process-oriented modelling. The alternative that
will be discussed by the four other contributions in
this section is steady-state modelling on a system
level. The four contributions discuss very different
systems, from a traditional Chinese integrated
polyculture system, over small ponds, rice-fish sys-
tems to fishpens in a large lake. Yet all models show
that it is possible to construct simple steady-state
models of the trophic interactions in the respective
systems based on available data and information
from the literature. And what is more: the models,
although first attempts, can be used to raise and
discuss questions and just as important to show gaps
in knowledge and to pinpoint questionable param-
eter estimates.

An added benefit is that this form for models is,
as concluded by Baird et al. (1991), useful for com-
parisons between systems. Comparisons are of in-
terest in ecology for designing structural dynamic
models (Jorgensen 1992), while the discussion in

1991). Because of this interest, we now see data
collection schemes designed with (steady-state)
modelling in mind popping up; as an example, the
rice-fish group in the Philippines, whose first model
is presented here, has since, the model was con-
structed, collected data in order to improve their
model. Also of interest is the work going on now with
data collection at a farm level. Models like those
discussed here are not restricted to aquatic systems
- the Chinese model to some extent shows this - but
can be used to describe whole farming enterprises. A
detailed data collection on farms is intended to
supply enough data at the farm level to be able to
describe (through quantified models) the energy or
economic flow for individual farms, and to explore
ways of expressing sustainability using key output
parameters.

Where we (the editors, as fisheries biologists)
hope some day to have enough material on indi-
vidual ecosystems to describe interactions in per-
haps a hundred ecosystems so that we, through
proper stratification, can come up with worldwide
figures for biological productivity on a global scale,
we hope to see us overtaken by approaches within
aquaculture, where the ecosystem is one farm. The
possibilities this raises for comparisons and gener-
alizations are enormous, and we are certain that the
interaction between fisheries biologists and
aquaculturists, of which this book is one small exam-
ple, is more than worthwhile.
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Abstract

This paper describes an integrated dike-pond farming system in South China, one with a history that goes back
to the mid-fourteenth century. The energy flows through the system, which includes among other components, eight
fish species (Ctenopharyngodon idellus, Hypophthalmichthys molitrix, Aristichthys nobilis, Mylopharyngodon
piceus, Cirrhinus molitorella, Cyprinus carpio, Megalobrama bramula, Oreochromis sp.) are quantified. The system
has a very high throughput and production, caused by high imports of manure and concentrated feeds, together with
elephant grass, vegetables and mulberry leaves that are produced on the dikes.

Introduction

This paper describes the dike-pond polycultures
of South China. The main source for the description
is field research conducted by the senior author
jointly with Chinese counterparts, as documented
by Ruddle and Zhong (1988). For the present study,
data have been extracted from that monograph and
available literature and used to construct a steady-
state energy flow model using the ECOPATH II
model (Christensen and Pauly 1992).

Historical and Socioeconomic Context

Inthe Zhujiang (Pearl River) Delta of Guangdong
Province, South China, which sprawls over some
12,000 km? south of the city of Guangzhou (Canton),
an elaborate integrated system of intensive agricul-
ture and polyculture of carps and other freshwater
fishes is operated on a geographic and economic

* ICLARM Contribution No. 648.
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scale unmatched elsewhere in the world. This
system has evolved over centuries and is now devel-
oped over 800 km?. Itis more tightly integrated than
elsewhere in Shunde County of the central delta
(Fig. 1). In total it supports an estimated 1.2 million
persons.

The system has three components: fishponds,
mulberry dikes and sugarcane dikes. Where this is
the dominant land use type, 52,128 ha or 76% of the
agricultural land use is devoted to the system, with
22,239 (43%) in fishponds, 9,814 ha (18%) under
sugarcane and 8,094 ha (15%) planted to mulberry.
Fig. 2 gives an aerial view of an intensively used
dike-pond area.

The principal fish cultured are Chinese carps:
grass carp (Ctenopharyngodon idellus), silver carp
(Hypophthalmichthys molitrix), bighead carp
(Aristichthys nobilis), black or snail carp
(Mylopharyngodon piceus), mud carp (Cirrhinus
molitorella) and common carp (Cyprinus carpio). In
addition, bream (Megalobrama bramula) and tilapia
(Oreochromis sp., probably a hybrid of O.
mossambicus and O. niloticus) are cultured to some
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Fig. 1. Location of the dike-pond area in the Zhujiang Delta, Shunde District, South China.

This is one of the few inte-

.,/\\r\. 5 ‘§ f

grated agriculture-aquaculture
systems for which a reasonably
precise historical record can be
reconstructed. About 1,000 years
ago, village economies in the
Zhujiang Delta were based mainly
on the capture and collection of
marine, riverine, and wetland
resources. At nearby higher el-
evations, however, fruit cultiva-
tion, especially of litchi (Litchi
chinensis) and longan (Euphoria
longana), developed rapidly dur-
ing the Han Dynasty, some 2,000
years ago. Sugarcane has been
cultivated in the region for two
millennia, mostly in upland ar-
eas. Mulberry-growing had also
been undertaken for some 2,000
years in the Zhujiang Delta and
had developed into a substantial
industry by the early Tang dy-
nasty (7th century A.D.).
During the 1350s (A.D.), wa-
ter control began in some lower-
lying areas to make fishponds so
as to drain wetlands and natural

Ruddle and Zhong 1988).

extent. Most are marketed live, mainly to Guangzhou,
Hong Kong and Macao. Fish sales are the largest
source of income in the region’s agricultural sector,
the Zhujiang Delta yielding 90,000 t-year! (1979) or
50% of the total production of Guangdong Province
and 80% of the nation’s live fish exports.

Fig. 2. Aerial view of part of Leliu Commune, central Zhujiang Delta, showing the intricate

patchwork of nearly rectangular fishponds segregated by crop dikes (drawn after photo in

waterbodies, thereby creating
cultivable land on intervening
dikes. The early artificial ponds
were devoted mainly to nursing wild fry to
fingerlings, and the dikes to fruits, especially litchi
and longan. There was no integrated system at that
time.

Mulberry-growing and silkworm-rearing
remained separate both geographically and
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conceptually from fish cultivation in the 14th century,
as demonstrated by the fact that few dikes were
planted to mulberry. By the 1620s, however,
mulberry was being widely eultivated on the dikes
between the fishponds, experience having shown
that the economic returns from integrated mulberry
dike-fishpond systems were greater than those
obtained from cultivating fruit trees on the dikes.
Moreover, pond mud enriched with silkworm
excrement and other wastes which had first been
utilized to fertilize the pond and to feed the fish, was
found to be a superior fertilizer for mulberry bushes
than was the raw silkworm waste used hitherto.
This discovery led to the rapid development of the
integrated mulberry dike-carp pond system, such
that by 1800 A.D. most farms in Shunde County
were devoted exclusively to it.

The yields of the dike-pond system make Shunde
County one of the most productive regions of China.
Annual yields (tha?) are: fish (7), sugarcane (75),
mulberry leaf (20-30), silkworm (1.9-2.25), mixed
vegetables (80) and bananas (22-30).

As a consequence, per capita income in house-
holds surveyed in 1982 ranged from US$253 to
US$331. In comparison, the average per capita
rural income in China at the time was US$152.
Incomes per “able-bodied worker” were US$456-
670.

Since the early 1980s, as a result of the imple-
mentation of the household responsibility system
and the concomitant decline of the centrally planned
economy, variations began to emerge among house-
holds, particularly in terms of the allocation of
working capital and labor to the dike-pond system,
management strategies and levels of productivity,
household economies, and the energy efficiency of
household ponds.

Field Research Methodology

Research was conducted jointly with the
Guangzhou Institute of Geography, Chinese Acad-
emy of Sciences, from 1980 until 1983 on the socio-
economic, biological and physical aspects of the dike-
pond system. Biological and physical research con-
centrated mainly on the quantitative analysis of
energy exchange.

The fundamental concept underlying highly in-
tensive, integrated aquaculture-agriculture farm-
ing systems is that outputs of subsystems become
inputs for other subsystems. Thus, in the dike-pond
system of the Zhujiang Delta, not only are the media
for the growth of fish and crops provided but also the
environment in which their food and fertilizer re-
quirements are produced. This results in higher
yields for all commodities produced and a wider
range of products than could otherwise be obtained.

It also results in lower costs for inputs, which, in the
absence of such integration, would have to be im-
ported from outside the system. Such inputs are also
a part of the system described here but the integra-
tion tends to limit the imports.

To understand how the fundamental processes
operate, field research was conducted on (1) net
solar radiation on the dike and over the pond, reflex
radiation and photosynthetically active radiation
(PAR)on the dike and beneath the pond surface; and
(2) primary productivity of the pond, fish produc-
tion, productivity of mulberry, mulberry detritus
fall, and silkworm productivity.

A Steady-State Model of a
Developing Culture System

It may be conceived as impossible to use a steady-
state model for a rapidly developing culture system,
but by averaging the flows and biomasses over the
production period, which is nearly a year, the aver-
age system can be described, even with a steady-
state model (see also Fig. 1C, Christensen and Pauly,
this vol.).

Components

The ecosystem model as we have chosen to make
it consists of a total 0of 16 groups, of which six are carp
species, one bream, and one tilapia. Silkworms,
though not present in the ponds, form yet another
group, and the invertebrates in the system are
divided between zooplankton and macrobenthos.
The primary producers are mulberry, elephant grass,
and vegetables, all growing on the dikes, and of
course phytoplankton in the pond, well nourished
from the continuous supply of manure, human, as
well as from poultry and livestock.

The dike-pond system is highly productive, mainly
dependent on the supplies of manure, elephant
grass, and concentrated feeds for maintaining its
high productivity. The input parameters are given
in Table 1.

Fish Groups

The biomasses have been calculated as the mean
ofthe biomasses at stocking and at harvest, thus not
taking the fact into account that growth (and con-
sumption) rates vary throughout the culture period.
The marked seasonality in the ponds will however
tend to minimize the error due to averaging, as the
main biological activity takes place during the warm
summer months, in the middle of the culture period.

The production (P/B) ratios are readily available
for the fish species as the ratio between harvest less
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Table 1. Input parameters (without brackets) for the Chinese polyculture system. Biomass is an average
on a tha! scale. P/B (year!) is the production/biomass ratio; production (t-hal'year?) corresponds to
B+P/B; Q/B (year!), the consumption/biomass ratio; GE, the gross efficiency (production/consumption);
unassimilated food is the proportion of the consumption that is not assimilated. Exports are in
thalyearl. EE is the ecotrophic efficiency (estimated parameters are presented in brackets).

Group Biomass P/B Production Q/B GE Unassimi- Export EE
lated food

Grass carp 1.240 0.90 - 50.0 (.02) 0.75 1110 (1.00)
Silver carp 0.212 0.90 - - (€i)] 0.30 0.191 (1.00)
Bighead carp 0.506 200 - - (25). 020 1013 (1.00)
Mud carp 1.781 0.90 - - (13) 0.30 1.594 (0.99)
Black carp 0.036 1.80 - - 39 0.20 0.064 (0.99)
Common carp 0.068 1.97 - - (24) 0.30 0134 (.00
Bream 0.034 0.98 - - (.05) 0.40 0.033 (1.00)
Tilapia 0.173 0.95 - .05) 0.30 0.164 (1.00)
Silkworm 2.000 1.05 - 15.0 07N 0.20 2100 (1.00)
Zooplankton (0.652) 20.00 - (133.3) .15 0.40 0.0 0.95
Macrobenthos (1.179) 20.00 - (133.3) .15 0.20 0.0 0.95
Mulberry - - 30 0.0 ; ) 00  (1.00)
Elephant grass 225 0.0 00 (025
Vegetables - - 3.75 0.0 - 0.750 (0.90)
Phytoplankton 0.750 298.67 - 0.0 0.0 0.39)
Detritus 90.000 - - - 444405 (0.25)

stocking and mean biomass. The consumption rates
(Q/B) for all fish species except grass carp were
estimated from the empirical model of Palomares
and Pauly (1989).

The grass carp are known to be voracious, albeit
inefficient feeders. In China, they are considered as
"mobile fertilizer factories", and hence a vital part of
the integrated pond systems. The food conversion
efficiencies of grass carp depend very much on feed
type, and have, for grass carps feeding on grass,
been reported as 0.025 to 0.04 by Shigang (1989).
Adopting a value of 0.04 for our study and assuming
the average biomass corresponds to half the gain in
weight, the Q/Bratio can be calculated to be approxi-
mately 50 yearl.

Invertebrates

For zooplankton and macrobenthos, the P/Bratio
was set to a value in the range observed in other
studies (e.g., J¢rgensen 1979) as this resulted in
reasonable estimates for the respiration/biomass
ratio of zooplankton. The Q/B ratios were calculated
from assumed gross efficiencies of 0.2. Due to ex-
pected high predation rates, the ecotrophic
efficiencies were set to 0.95, so that only very small
parts of the zooplankton and macrobenthos produc-
tion were directed to the detritus.

Primary Producers and Detritus

Production data for the primary producers are
available from the field research. The manure and
concentrated feeds that are added to the system are

treated as imports to the detritus box. The total input
to the detritus is estimated as 160 thayear'l.

Diet Compositions

For most of the groups there are only qualitative
statements of the diet composition to be found in the
available literature (Yan and Yao 1989; Edwards
1992). The diets are therefore chiefly based on a
general knowledge of the trophic ecology of the
described groups. The system was then balanced by
changing the diet compositions based on the general
knowledge until acceptable values of the ecotrophic
efficiencies were obtained (i.e., very close to 1 for all
consumers and lower for producers). It should be
noted, however, that hardly any (and only small)
changes had to be made to the originally assumed
diet compositions to make the system balance.

Unassimilated Food

The proportion of the food that is not assimilated
was set to vary between groups as a function of the
degree of herbivory/detritivory (Table 1). The value
for grass carp is based on Yan and Yao (1989).

Results and Discussion

Fig. 3 gives a qualitative representation of the
energy and matter linkages in the dike-pond sys-
tem. A simplified version of this was analyzed with
the ECOPATH II model.

The flowchart from this analysis is shown in Fig.
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Fig. 3. Energy and matter linkages in the dike-pond system (aft

4 while Table 1 includes some of the parameters
estimated by ECOPATH II. The system is character-
ized by a true network of flows. Yet its short path
lengths make it resemble the aquaculture system
one sees in other areas. The highest trophic level in
the system is thus 3.14 (Table 2), i.e., only slightly
higher than the trophic level of a first-order carni-
vore. The average trophic level of the harvestable
groups is 2.42 (weighted after production), roughly
intermediate between a herbivore/detritivore and a
first-order carnivore.

The parameter estimates for the individual groups

er Ruddle et al. 1983).

are difficult to compare with other studies, as only
very few investigations have been conducted in
comparable systems.

Phytoplankton production can be compared,
though, with findings of Colman and Edwards
(1987) of maximum sustained rates of photosynthesis
in a tropical fishpond of about 0.3 t dwhalyear.
The present investigation yields 224 ¢t
wwhalyear! somewhathigherthanthe maximum
rate reported by Colman and Edwards (1987). Mean
phytoplankton biomass in septage-fed ponds with
Nile tilapia was estimated by Edwards et al. (1984,
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Fig. 5. Mixed trophic impact in a mulberry dike-carp pond farming system, China, as obtained from the ECOPATH II
program (Christensen and Pauly 1992). The bars show the impact of the groups to the left of the bars on all other groups
in the entire system. Positive impacts are shown above the baseline, and negative ones below. The impacts are relative,

but comparable between groups.

1987) to be around 30 mg1l. This corresponds to a
biomass of around 0.75 tha! for ponds with an
average depth of 2.5 m as the Chinese ponds. A
phytoplankton preduction of 224 thalyear! and a
biomass of 0.75 tha! correspond to a P/B ratio of
some 300 year-! for the Chinese ponds. This seems to
be areasonable estimate considering the high energy
input to the phytoplankton.

Zooplankton biomass was reported by Edwards
etal.(1984,1987)to be almost an order of magnitude
lower than those of phytoplankton. Here we found
the zooplankton biomass to be nearly as large as that
of the phytoplankton. Clearly, this calls for a closer

study of the zooplankton in the system. For
comparable systems, Hallock and Ziebell (1970)
estimated a total benthic productivity of 14.2
thalyear?. This can be compared to estimates from
the present study of 23.6 thalyear?!.

Using the trophic aggregation routine of
ECOPATH II (Christensen and Pauly 1992), the
flows in the system can be aggregated on discrete
trophic levels. The results of this aggregation are
shown in Table 3. As can be seen, the system has
very few trophic levels, and the bulk of the flows are
at trophic levels I and II. The trophic transfer
efficiencies are rather low on trophic level II (5.9%,



Table 2. Parameters for estimation of consumption/biomass (Q/B)
ratio for various fish species in a Chinese mulberry dike-carp pond
model. Q/Bisestimated using the empirical model of Palomares and
Pauly (1989) modified to take the proportion of food derived from
herbivory/detritivory (PHD) into account, and solved for T = 16°C.

Species W, Caudal fin PHD QB
(g) aspect ratio® (year!)

Grass carp 32,000 2.67 1.0 12.0
Silver carp 8,000 2.52 0.7 12.1
Bighead carp 11,000 3.05 0.3 8.0
Mud carp 12,850 1.55 0.5 7.0
Black carp 35,000 5.00 0.0 4.6
Common carp 19,170 254 0.5 8.3
Bream 3,000 2.39 1.0 18.3
Tilapia 850 2.17 0.7 17.6

& See Fig. 1 in Pauly et al. (this vol.).

Table 3. Trophic transformation matrix for the Chinese mulberry
dike-carp pond ecosystem showing how flows (thalyear!) for
each groupin the system are distributed on discrete trophiclevels.
The bottom line gives trophic transfer efficienciesby trophiclevels.

Average Trophic level
Group trophic
level I I 111 v
Black carp 3.14 - 0.16 0.005
Bighead carp  2.63 - 1.62 2.43 -
Mud carp 2.57 - 6.23 6.06 0.175
Common carp  2.57 - 0.28 0.27 0.008
Silver carp 2.32 - 1.80 0.77 -
Tilapia 2.32 - 2.13 091 -
Macrobenthos 2.14 - 152.81 440 -
Zooplankton 2.05 - 86.96 - -
Grass carp 2.00 - 62.00 -
Bream 2.00 - 0.62 - -
Silkworm 2.00 - 30.00 -
Mulberry 1.00 30.00 - - -
Elephant grass 1.00 225.00 - - -
Vegetables 1.00 3.75 - - -
Phytoplankton 1.00 224.00 - - -
Detritus 1.00 593.30 - - -
Total - 1,076.05 34445 15.00 0.188
Trophic transfer
efficiencies - 0.059 0.124 0.139 -

the herbivore level), and higher on the two preda-
tory levels (12.4% and 13.9%). The flows are pre-
dominantly of detrital origin, with 58% of all flows
originating from this source as estimated using
ECOPATH 1II.

From the mixed trophic impact analysis pre-
sented in Fig. 5, it can be concluded that remarkably
little negative impact occurs between the harvested
groups. This can be seen as a sign of a well designed
system, developed over hundreds of years. Only
mud carp seems to have some negative effect on the
other groups, mainly due to its high biomass. The
analysis in its present form does not show the
important role of grass carp in producing manure,
thus making elephant grass nutrients available for
other groups. This was discussed by Yan and Yao
(1989) who found that for every ton of grass carp
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produced, there may be enough food for "Wuchang
fish" (Megalobrama amblycephala) to increase by
0.2 t, and for common carp and crucian carp to
increase by 0.5 t. The mixed trophic impact routine
of ECOPATH II could be modified to take the posi-
tive impact of detritus production into account, and
this would show the beneficial impact of grass carp
on the other groups in the system.

Conclusion

The comparisons made above seem to indicate
that the estimates for the organisms at the lower
trophic levels of the dike-pond system are quite
reasonable, Considering that this is the part of the
system for which we have least a priori information,
we take the findings as a sign of the robustness of the
modelling approach.
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Abstract

Rice and fish are the most important food sources in Asian diets. Up to now the supplies of rice and fish have come
from different sources. The traditional practice of catching wild fish in ricefields is insignificant today. Recent
investigations indicate, however, that integrated rice-fish systems offer possibilities of increasing rice yields by as
much as 15% and at the same time harvesting fish up to 500 kg'ha'! every rice crop.

Modern rice production has become heavily dependent on insecticides. Through the integration of fish in rice
paddies the possibility exists for reducing insecticide use. Similarly, chemical fertilizers could be partially substituted
with farm by-products fed to the fish.

To improve our understanding of ecological interactions in rice-fish systems, we have used ECOPATH II to
construct initial models of rice systems, one with and one without fish. While these preliminary models were
constructed from limited field data, they do provide indicators for critical field measurements and experimentation.
Future models will assist in the development of guidelines for optimum management of rice-fish integrated systems.

Introduction

By the year 2000, Asian farms must provide food
for 3.6 billion people. A prerequisite will be higher
production of rice and fish, the mainstays of Asian
diets. Asian farming systems are predominantly
rice-based and depend upon, among other things,
water control. Thus they could theoretically at least
produce large quantities of high-value fish. Inte-
grating the production of rice and fish in the same
water on the same land can help to achieve high food

*ICLARM Contribution No. 656.
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production requirements. Even modest adoption of
such integration could dramatically increase fish
production (Lightfoot et al. 1990). More than one
hundred and fifty fold increases in fish production
(500 to 79,000 t) could be achieved in Vietnam, for
example, if 300 kg'hal'year™! of fish were harvested
from only 5% of its riceland. India and Thailand,
with current productivity levels of 450 and 1,044
kgha'l, respectively, could increase their fish pro-
duction by similar orders of magnitude. On 5% of
their ricelands, the Philippines and Bangladesh
could theoretically produce 45,000 and 140,000 t of
fish, respectively. Rice-fish integration may also



provide incentives for farmers to reduce levels of
pesticide use and fertilizer application without re-
ducing rice production.

Adoption of rice-fish farming will depend greatly
on what happens to rice yields. An analysis of rice-
fish data from research stations and farmsin several
Asian countries by Lightfoot et al. (1989) showed
that even though some negative effects on rice yields
were reported, positive effects in the order of 5 to
30% were typical. They concluded that “from these
data it is not unreasonable to assume a 10-15%
increase in rice yield when fish are present.” Little
empirical evidence exists and even less is known
about the underlying ecological processes of the
synergistic effects in rice-fish farming.

Fish may consume rice pests including weeds.
Work conducted in Indonesia showed ricefield weed
biomasses to be significantly reduced by grazing of
carps and tilapia (Moody 1988). Chinese studies
report similar findings (Xu and Guo 1988). Rice pest
predation by fish has been observed in China. Rice
stemborer egg masses, leaffolders and plant hopper
populations have been reduced by fish (Spiller 1985;
Yuan 1988).

Fish may contribute to soil fertility. Differences
in soil nitrogen, phosphorus, potassium and organic
matter have been detected between paddy soils
where rice was grown with and without fish (Li
1988; Xu and Guo 1988). The nitrogen cycle to be
presented below helps explain how nitrogen accu-
mulation might occur.

Fish not only contribute to nitrogen accumula-
tion through their feces, but they may also reduce
nitrogen losses. In irrigated rice-fish culture, a con-
tinuous flooding of the field is expected and there-
fore high losses by denitrification observed in fields
subjected to alternate dessication and submergence
are not expected to occur.

Fish may reduce the strong nitrogen losses by
ammonia volatilization in rice monoculture system.
The high level of fertilizer directly applied in the
floodwater causes pH increases. Ionized NH,* in-
creasingly converts to unionized NH; which may
escape from the water as a gas. Major factors affect-
ing ammonia loss by volatilization are pH and am-
monia concentration and wind speed at the floodwa-
ter surface (De Datta 1981). Aquatic photosynthetic
organisms, especially microalgae, have a key role in
NH, volatilization by causing diurnal changes in
floodwater pH, by 1-2.5 units. Large populations of
algae are not required to increase floodwater pH to
levels that support rapid N losses (Fillery et al.
1986). Losses by NH, volatilization range from 2 to
60% of N applied. Most losses occur at the beginning
of the crop cycle, when there is almost no canopy and
the resulting high light availability permits
microalgae to develop while their biomass is not
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large enough to limit N losses through immobiliza-
tion.

The introduction of the plankton feeder Nile
tilapia (Oreochromis niloticus) with rice at the be-
ginning of the culture period may decrease ammonia
volatilization by reducing the biomass of microalgae
that increase floodwater pH. The bottom feeding
action of common carp (Cyprinus carpio) could cause
turbidity that would limit light available for photo-
synthetic activity of phytoplankton. Therefore, with
fish in the ricefields it is expected that nitrogen loss
through ammonia volatilization is reduced.

Ecological processes involved in irrigated rice
monoculture differ from that of rice-fish culture.
This paper attempts to use ecological models con-
structed using the ECOPATH II software of
Christensen and Pauly (1992) to compare these
different systems.

Methodology

Quantitative data were obtained from measure-
ments performed in irrigated ricefields without fish
on the International Rice Research Institute IRRI)
research farm in Los Baifios, Philippines. Input
parameters for the rice-fish model other than the
fish biomass and diet were estimated from data
collected in irrigated ricefields. Fish biomass and
diet data are average values of available data from
rice-fish experiments conducted at the Freshwater’
Aquaculture Center, Central Luzon State Univer-
sity research station in the Philippines. Other data
and nitrogen conversions were based on J¢rgensen
(1979). The input parameters for the models are
given in Table 1. Details of data sources for each
component in both models follow. Due to the paucity
of data, especially on fish and biological productiv-
ity, this model must be considered preliminary.

Fish Component

While reported fish yields from irrigated rice-fish
systems in China, Indonesia, the Philippines and
Thailand ranged from 100 to 1,800 kghalcrop
(dela Cruz et al. 1988), we have selected a very
conservative figure of 300 kgha! for our model, of
which 180 kgha'l is Nile tilapia (Oreochromis
niloticus) and 120 kg-ha'! is common carp (Cyprinus
carpio). Nile tilapia, an omnivorous plankton feeder,
contributes more to total production as it is a better
food converter than common carp, an omnivorous
benthic feeder. Fish flesh nitrogen content is equiva-
lent to 13% of dry matter (Cagauan 1990). Based on
this, a whole fish is assumed to have 7% N and a dry
matter of 20%; therefore, fish N equivalents are 2.5
kgN-ha-l-crop! for tilapia and 1.7 kgNhal-crop for
common carp.
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Table 1. Input parameters and consumption of static nitrogen models in irrigated ricefields with
and without fish. Values in parenthesis are estimated by ECOPATH II.

In the rice-fish system

the additional N input due

to the application of 3 tha'!

Production Consumption :
Rice Rice-fish Rice Rice-fish of chicken manure (1.7% N)
(kg N-halcrop™) (kg N'halerop?) (kg Nhalcrop?) (kg Nhalcrop?) and 2 t-hal pig manure
(1.3% N) was estimated to
Phytoplankton 25.0 25.0 27.8 27.8 be 49 kg N-ha'! after losses
Weeds 8.0 6.4 8.9 7.1 by volatilization (28 kg
Rice (104.9) (114.6) (116.5) (127.3) N-ha'l) were subtracted.
Aquatic macrophytes 17.0 17.0 189 18.9
Snails 4.0 ' 4.0 13.3 13.3
gentlhosk 8.0 40 26.6 13.3 Biological Nitrogen
ooplankton 7.0 7.0 16.3 16.3 [ I
Insects 0.9 0.7 3.0 24 Fixation
Microbial biomass (130.0) (114.9) (162.5) (143.7) With regard to the high
gllapla - ggg - 13-(5) level of nitrogen fertilizer
arp - . - X od
BNF 12.0 12.0 0.0 0.0 applied in both systems, the
contribution of biological
nitrogen fixation (BNF) was
Rice expected not to be high. Using average values sum-

Nitrogen exported by rice was estimated on the
basis of 1.5% N in grain, 0.8% N in straw and on a
harvest index of 1, based on a six-crop experiment at
IRRI with five modern varieties of rice. On the basis
of the quantity of N fertilizer offered, we used an
average 4 t grain yield in the rice model equivalent
to 92 kg N exported when straw is not incorporated.
An analysis of rice-fish data by Lightfoot et al. (1989)
shows rice yield increase ranging from 5 to 30% in
rice-fish systems. We assumed a conservative aver-
age increase of 10%.

Fertilizer

INORGANIC N FERTILIZER

In wetland ricefields, the efficiency of fertilizer is
low. Twenty to 40% N applied is recovered by the
crop, depending on the N source, management, and
agroecological conditions. In thirty-eight N bal-
ance experiments with 20-80 kg N-ha'l, N losses
ranged from 10 to 65% of N applied (average: 37%),
N recovery in the soil ranged from 12 to 76% (aver-
age: 35%), and N recovery in the plant ranged from
1 to 54% (average: 28%) (Fillery and Vlek 1986).

ORGANIC MANURE

No information is available on the fate of N
applied as chicken manure and pig manure. Part of
the N in chicken/pig manure is already in a humified
form and is not available for rice. It is unknown how
much is eaten by fish, added to detritus as unavail-
ableN, and immobilized in the photosyntheticaquatic
biomass (PAB). When applied into the water, prob-
ably a significant part ofthe N is rapidly ammonified
and lost by ammonia volatilization. We assumed
that 37% ofthe 74 kgN applied as inorganicfertilizer
in both models was lost.

marized by Roger and Ladha (1990) we assumed a
contribution of 12 kg ha’!, with photodependent
BNF contributing about 5 kg ha'! and heterotrophic
BNF contributing 7 kg N-halcrop!l. We assumed
the same N contribution by BNF in both models.

Gross Primary Production in Floodwater

In wetland ricefields, phytoplankton and aquatic
macrophytes are responsible for primary production
in floodwater. Phytoplankton is dominant during
the first part of the crop cycle, then macrophytic
algae and submerged macrophytes become domi-
nant. Planktonic algae generally havelower produc-
tivity than macrophytes (Roger and Watanabe 1984)
but a higher N content and probably a faster turn-
over. Estimates of productivity for the rice model
were derived from data summarized by Roger et al.
(1989). We assumed a total gross primary produc-
tion of 600 kg C'hal-crop! split as 300 kg microalgal
carbon and 300 kg of aquatic macrophyte carbon in
the rice model. This would correspond to 25 kg N for
micro- and filamentous algae (C/N of about 12) and
17 kgN from submerged aquatic weeds (C/N of about
18).

We assumed a lower standing phytoplankton
biomass in the rice-fish system but a faster turnover
because of a better recycling by fish, leading to the
same phytoplankton productivity. We assumed that
aquatic macrophyte biomass was not significantly
affected by the presence of fish.

Weeds

Measurements conducted in 65 plots of the IRRI
farm with various managements show a total N
content in weeds harvested at two weedings that
average about 8 kg N'halcrop™! (Roger et al. 1989).



This average value is used in the rice model. We
assumed that fish reduced the standing weed biomass
by 20%.

Invertebrates in Rice Canopy

Noquantitative data are available for the biomass
of arthropods in the rice canopy. A theoretical esti-
mate was calculated assuming that the biomass of a
single dominant species during a bloom or an out-
break is an estimate of the upper limit of the biomass
of the balanced population of the corresponding
groupoforganisms(e.g., zooplankton, phytoplankton,
arthropods) in an ecological niche such as the flood-
water or the rice canopy. That is, an estimate of the
biomass of brown plant hopper (BPH) during an
outbreak is an estimate of the upper limit of arthro-
pod populations in rice canopy when such a popula-
tion is balanced among consumers and predators.
Using this BPH population as a proxy for all inver-
tebrates is probably an underestimate.

The calculation considers populations of 1,000
BPH m?2, 0.4 mgdw each, 7% N, which is a total of
4 kgha! dw as standing biomass or 0.3 kg N-ha'l.
Assuming the standing biomass has a 3 times turno-
ver, this leads to contribution of 0.9 kg N'ha! for the
rice model.

We assumed that fish pressure on arthropods in
rice canopy and the surface water reduced the stand-
ing biomass of arthropods by 20%.

Zooplankton

Standing biomasses of zooplankton were esti-
mated from data summarized by Roger and Kurihara
(1988) in wetland ricefields. These data mostly refer
to ostracods and therefore we used the same type of
calculation as for the invertebrates in rice canopy.

A maximum biomass of 150 kgha! ww was ex-
trapolated for populations of 50,000 animals m™2,
Assuming three turnovers during the crop and an
average biomass of halfthe peak biomass, this leads
to an estimate of 2.3 kg N-ha1(.5x 150 x 3x 15% dw
x 7% N) in the rice model.

Data on nitrogen excretion by zooplankton were
obtained from the values presented by Roger and
Kurihara (1988). We assumed that the productivity
of zooplankton was primarily limited by that of
phytoplankton and therefore was the same in the
rice and in the rice-fish model.

Snails

Populations up to 1,000 m2 (1.5 tha! ww) have
been observed in Philippine ricefields (Roger and
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Kurihara 1988). Some large species (Pila spp.,
Pomacea spp., and Ampullaria spp.) may addition-
ally develop biomass of a few hundred kg-hal ww.

Snail biomass estimated by recent counts in the
IRRI farm in plots where Pomacea canaliculata was
dominant ranged from 0 to 1 tha! ww. Based on
average biomasses of 400-500 kg-ww-ha! and as-
suming 80% water, 25% shell, 5.5% N, and one
turnover this leads to a production estimate of 4 kg
N-halcropL

Benthos: Oligochaetes and Nematodes

Surveys of oligochaete populations in experi-
mental plots inthe IRRI farm and 32 farmers' fields
of Laguna Province (Philippines) showed that
populations ranged from 0 to 630 kg'ha! ww. Rela-
tively large populations of aquatic oligochaetes are
expected to develop when large quantities of organic
nutrients are added in the field.

In the rice model, we used a biomass of 300
kghal ww for oligochaetes and the same value for
saprophytic nematodes, which was calculated to the
equivalent of 8 kgN'halcrop! using 6.5% N content
at 20% dry matter. Because of the benthic feeding
habit of common carp, we estimated that soil meio-
fauna was reduced by half in the rice-fish model.

Microbial Biomass

Research on nitrogen nutrition of rice has shown
that, whatever the quantity of N fertilizer applied,
between 75 and 60% of the nitrogen absorbed by the
plant usually originates from soil (Fig. 1). But only
a small fraction of total soil N is available to the
plant, and most of this available nitrogen originates
from the turnover of the microbial biomass in soil
which represents only a small per cent of total soil N
(Watanabe et al. 1988). Crop residues, rhizosphere
exudates and the photosynthetic aquatic biomass
(algae and aquatic plants) contribute nutrients that
allow the replenishment of microbial biomass. Crop
residues are incorporated at the beginning of the
crop while nutrients accumulating in PAB (includ-
ing biologically fixed nitrogen) are continuously
recycled and reincorporated into the deeper soil by
zooplankton and soil fauna, which are therefore key
components of the ricefield fertility (Roger et al.
1987).

Preliminary studies, under a restricted number of
cultural conditions in the IRRI farm, indicated that
microbial biomass might be about 50 kg N'ha'! at the
beginning of the crop and then decreases to reach a
value of about 30 kgN'ha! at harvest. The turnover of
this biomass has not been determined yet but should
be 20-30 days (4 times) to ensure rice nutrition.
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Fig. 1. Schematic representation of the rice-fish ecosystem with a conceptual representation of the origin of the nitrogen
absorbed by rice, the role of the microbial biomass in providing available nitrogen to rice, and the pathways involved in the

replenishment of the microbial biomass.

Results

Comparison of Box Models

The box models in Fig. 2 compare the two systems.
The greater complexity of the system that includes
fish is evident, both in terms of number of boxes and
complexity of flows. Note that most boxes in the rice-
fish model have more consumers or exit paths than
they do in the rice model. Less evident is the reduction
of weed, insect, and benthic fauna boxes and increase
in the rice box by fish, as shown in the P values.
Trophic levels of components are not different be-
tween systems. Noteworthy is that carp and tilapia
both have lower trophiclevels than the insects. As the
"currency" for these models is a nutrient (N), the
primary producers do not appear on trophic level Iin
the models as they do in energy-based models. Instead
BNF is found together with detritus on trophic level 1.
This is apparent from Table 2, which shows how the

relative flows by groups are distributed on discrete
trophic levels. The dominance of pests at the highest
trophic level (IV) in the rice model indicates a loss of

Table 2. Trophic transformation matrix for nitrogen models of
wetland irrigated ricefields without and with cultured fish. The
table shows how the relative flows of the groups in the systems are
allocated to trophic levels.

Relative flows by trophic level

Group I II I v v
Insects - - 0.43 0.57 -
Tilapia? - 0.15 048 0.32 0.06
Snails - 0.25 063 0.12 -
Rice - 0.40 0.60 - -
Aquatic macrophytes - 0.40 0.60 - -
Carp? 0.67 017 0.13 0.03
Benthos - 0.50 0.45 0.05 -
Weeds - 0.50 0.50 - -
Zooplankton - 0.60 031 0.09 -
Phytoplankton - 0.75 0.25 - -
Microbial biomass - 1.00 - - -
BNF 1.000 - - - -
Detritus 1.000 - - - -

8Included in rice-fish model only.
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high-value N. However, in systems with fish some of
this high-value N is captured.

Based on the allocation of nutrient flows to trophic
levels shownin Table 2, the trophic transfer efficiencies
by discrete levels can be estimated as the percentage
of flow entering a trophic level that is ultimately
harvested or transferred to the next trophic level
(Christensen and Pauly 1992). These transfer
efficiencies for the two systems are given in Table 3. It
can be seen that the transfer efficiencies in all trophic
levels are highest for the system including fish which
suggests that fish improve the utilization of nutrients
within the systems.

The summary statistics of Table 4 suggest that
rice-fish ecosystems hold more nitrogen in the system,
put more nitrogen through the system and have a
higher capacity than rice alone. This is possibly be-
cause rice-fish systems have more consumers and
more flow paths. This suggests that fish may impart
greater efficiency to rice production systems. How-
ever, less nitrogen is cycled in rice-fish systems, pos-
sibly because less nitrogen flows to the detritus. This
is also shown by the mean path length which gives the
number of groups an average nutrient unit passes
through from entering the system until exiting.

Comparison of Ecotrophic Efficiencies

Ecotrophic efficiencies (i.e., proportion of produc-
tion harvested or utilized for consumption in the
system) among the components of the ecosystem most
affected by the introduction of fish are zooplankton,
benthic fauna, weeds and insects (Table 5). Efficiency
has increased through the consumption of inverte-
brates (mostly grazers of PAB) by fish. There is a
better utilization of weed biomass through tilapia
grazing.

The trophic levels for all components (other than
fish)are alikein the two models. As
noted above, the trophic levels of
carp and tilapia (2.53 and 3.28,

Table 3. Trophic transfer efficiencies by trophic levels for two
nitrogen models of rice systems without and with fish.

Trophic level
Model I I 11 v
Rice only 58% 51% 0.0%
Rice-fish 66% 57% 20%

Table 4. ECOPATH II summary statistics for nitrogen models of
wetland irrigated ricefields with and without fish.

Rice Rice-fish Unit
Total production 316.8 310.0 kg N'halcrop!
Total flow to detritus 229.1 256.0 kg N'halcrop!
Total throughput 714.9 759.6 kg N'halcrop!
Throughput cycled 304.7 244.8 kg N-hal-crop?
Cycling index 426 32.2 %
Mean path length 7.8 6.8 -

higherimpacts than fish on other components. Impact
values range from -0.50 to 0.47 for rice, from -0.25 to
0.02 for tilapia and from -0.07 to 0.01 for carp (Fig.
3). Besides an expected negative impact on itself,
rice has a marked negative effect on soil microbial
biomass (mainly due to competition for nitrogen
resources). It may be that rice absorbs most of the
available soil nitrogen, thus not allowing the re-
plenishment of the microbial biomass. This is im-
portant as it indicates that intensification of rice
production might lead to a decrease in soil microbial
biomass and thus, possibly of soil-available N and of
fertility. Such a hypothesis has indeed to be tested
by in-situ measurement in long-term experiments.
Increasing rice biomass also leads to a reduction of
the biomasses of weeds and the components of the
floodwater. This can be related with competition for
nutrients and an expected decrease in floodwater
productivity under a dense rice canopy. Rice has a
positive effect on the accumulation of BNF (a larger
rice root biomass and exudation is expected to

Table 5. ECOPATH Il-generated values for efficiencies, trophic levels and nutrient
throughput in irrigated ricefields with and without fish.

respectively) are lower than that of

Ecotrophic efficiency Gross Trophic Nutrient throughput

insects (3.57). Rice Rice-fish efficiency level Rice Rice-fish
The nutrient throughputs by )
groups are shown in Table 5. As Phytoplankton 0.52 0.52 0.90 2.25 27.8 27.
Weeds 0.12 0.34 0.90 2.50 8.9 71
expected, the largest throughput gy, 0.90 0.90 090 260 1165 127.3
amongtheliving groupsinvolves the  Aquatic macrophytes  0.10 0.17 090 260 189 189
bacteria, which may even have a  Snails 0.00 0.11 0.30 2.87 13.3 13.3
considerablyhighert}n'oughputt}mn Benthos 0.00 0.54 0.30 2.55 26.6 13.3
. . Zooplankton 0.00 0.73 0.43 2.49 16.3 16.3
conservatively estimated here. Insects 000 090 030 357 30 24
Microbial biomass 0.83 0.95 0.80 2.00 162.5 143.7
. . . Tilapia® - 0.95 0.21 3.28 - 12,5
Comparison of Mixed Trophic Carp® ) 0.95 0.20 253 ] 9.0
ImpaCts BNF 0.44 0.40 - 1.00 12.0 12.0
Detritus - - 1.00 229.1 256.0
Import - - - - 46.0 100.0

Rice, being the largest biomass

component of the ecosystem, has

aIncluded in rice-fish system only.
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increase heterotrophic BNF in the rhizosphere) and
on insects living in the rice canopy.

Tilapia as an omnivorous fish has negative impacts
on most of the living components of the ecosystem
except rice and microbial biomass. The slight benefi-
cial effect of tilapia on rice might be related to an
increased production of detritus contributing to the
replenishment of soil microbial biomass and a nega-
tive effect on insect pests and weeds. Carp has a very
moderate effect on the other components of the ecosys-
tem. The main negative effect is on benthic fauna
which reflects the feeding habit of this fish. Carp has
anegative impact on snails, benthos and zooplankton
and hardly any effect on other groups.

The harvest is affected positively by the rice, detri-
tus, and microbial biomass groups. Obviously, insects
have a negative impact on the harvest, indicating

potential for increasing the harvest through pest.

control.
Conclusion

ECOPATH Il results raise the intriguing possibil-
ity that stocking ricefields with fish not only produces

fish, but also leads to greater efficiency in rice produc-

tion. Ricefields with fish hold more nitrogen, move
more nitrogen through the ecosystem and are more
efficient. Even more interesting is the suggestion that
intensifying monocropped rice might lead to a de-
¢rease in microbial biomass and therefore soil fertility
in the long term. Microbial biomass is the most impor-
tant actor in the ecosystem in terms of N cycling.

We cannot conclude from these preliminary mod-
els that optimum management of ricefields as an
ecosystem and as a production system may require the
integration of fish. Our information has too many gaps
and our rice-fish model is too hypothetical. Neverthe-
less, none of the results disagree with current knowl-
edge of N cycling in ricefields. We conclude that the
questions raised warrant more studies using
ECOPATH 1I.

ECOPATH 1II deserves further trial not only be-
cause its results raise important questions about
ricefield management, but also because they suggest
critical long-term experiments and important param-
eters to study for better understanding of how these
ecosystems work. Moreover, ECOPATH II allows
environmental impact of rice-fish experiments using
different field layouts, fish species, rice varieties, etc.,
tobe compared. Webelieve that ecological models such
as ECOPATH I could provide insights on sustainability
in agricultural systems.
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Abstract

The trophic relationships in a small fishpond stocked with a polyculture of Tilapia rendalli and Oreochromis
shiranus shiranus and fed with napier grass (Pennisetum purpureum) are analyzed using the ECOPATH II program
for construction of ecosystem box models. The preliminary model contains boxes for fish of the two species,
phytoplankton, zooplankton, planktonic microbes, benthic microbes, macrobenthos, meiobenthos, frogs and detritus,

and is based on research ponds at the Domasi Experimental Fish Farm, Mala®i, and from the literature.
Construction of this model demonstrated gaps in our knowledge on food web structure and on the productivity
of the groups of organisms in grass-fed ponds. Nevertheless, the model was useful as it suggested research directions

for improvement of pond productivity.

Introduction

Napier grass (Pennisetum purpureum) may be a
substitute as a pond input for the widely used maize
bran in Malawian fishponds. Because maize bran is
not always available to fish farmersin Malawi, napier
grass, which is available throughout the year and has
little or no opportunity costs, is being tested for use as
an alternative pond input. Experiments show that
napier grass canresultinyields equal tothose obtained
using maize bran (Chikafumbwa 1990).

In this study, a steady-state modelling method
using the ECOPATH II model was used to study
trophicinteractionsin a grass-fed pond. The principles
of this kind of modelling are explained elsewhere
(Polovina and Ow 1985; Christensen and Pauly 1992,
this vol.). Not all the information necessary for
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constructing the model was available from the
published literature, and some parameters had to be
guessed.

Description of the Model

The model describes a 200 m? pond with napier
grass as the only external input besides sunlight. It is
assumed that 200 fingerlings each of Tilapia rendalli
and Oreochromis shiranus shiranus are stocked at an
average individual size of 10 g. Napier grass is put into
the pond at 2 kg dry matter per day. Based on previous
experiments (Chikafumbwa 1990), the fish are expected
to have a specific growth rate of 0.50 and 0.35% day!
for T. rendalli and O. shiranus, respectively. The
farming household catches fish for home consumption
and cash sale regularly, with a yearly total of 15.7 kg
(783 kghalyear?).
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Ten boxes are distinguished in the model. A short
description of their characteristics follows:

Tilapia rendalliis usually considered aherbivore
but has been found to feed on a variety of other foods
as well (Pullin 1983). In the ponds it feeds almost
exclusively on the napier grass (this was corroborated
by deltacarbon analysis ofexperimental pond samples
[F.J.K.T. Chikafumbwa, unpubl. data]). When feeding
on Ceratophyllum demersum, T. rendalli was found to
have an assimilation efficiency of about 59% (Caulton
1982). Napier grass contains about 30-40% crude fiber
(Gomide et al. 1969; Crowder and Cheda 1982; Kaunda
1988) and hence assimilation by T. rendalli was
relativelyinefficient. Egestion was assumed to be 40%
of the food consumed.

Thespecific growth rateis assumed tobe 0.5%-day™,
resulting in 9,924 g of T rendalli at the end of the year.
Production from growth is thus 39.62 gm?year!.
Apart from growing, the stocked fish reproduce as
well, resulting in 3,500 g of fingerlings or 17.5 gm2,
Average biomassis therefore 7,712 g or 38.58 gm2and
total production is 57.12 gm?year.

Oreochromis shiranus has a diverse diet with
vegetative materials predominating (Philippart and
Ruwet 1982). It can eat macrophytes, butin competition
with a macrophagous fish it is more likely to eat other
food. In the experimental ponds, it was found to feed
on a variety of food sources but not so much on added
grass (as shown by delta carbon analysis [F.J.K.T.
Chikafumbwa, unpubl. data]). Based on a 0.35%day™
specific growth rate and 3,500 g of fingerling biomass,
average biomass is calculated as 28.10 gm? and
production as 36.20 gm2year. The assimilation rate
for O. shiranus was assumed to be the same as for T'
rendalli.

Phytoplankton. Chlorophyll concentrationin the
ponds ranged from 48 to 112 pugl?. Using the average
80 pgl, this resulted in 28.44 gm? (1 gChla=39.1¢g
C, 50% C in dry matter and 22% dry matter, [Lind
1974]). Daily phytoplankton productivity was
measured to be 1.1 mg O,1*day". This resulted in an
average estimated production of 1,325 gm?year! and
a P/B ratio of 46.59 year.

Zooplankton. No data on zooplankton in the
ponds were available so a P/B ratio of 40 year'and Q/
B =280 year'were assumed as generic estimates; see
other publications in this volume.

Planktonic and benthic microbial biomass
and productivity were not measured in the
experiments. Moriarty (1986), in shrimp ponds in
Malaysia, found bacterial productivities of 0.43-2.10
and 0.24-0.50 gCm?day! in the water column and
sediment, respectively. Assuming carbon to be 15% of
cell mass and taking the mid-range, this results in
productivities of 3,077 and 902 gm2year!, respectively.
Schroeder (1987) estimated the weight of
microorganisms at a maximum of 5% of detrital organic

weight which results here in a total microbial biomass
of 4.5 gm? (detritus biomass was 90 gm2). Which part
of this is benthic and which planktonic is not known;
itwas assumed here that planktonic microbial biomass
was 20% and benthic biomass 80% of total microbial
biomass. Resulting P/B ratios are very high, so we
decided to use P/B ratios of 90 year and 150 year for
benthic and planktonic microbes, respectively.
Moriarty (1986) estimated conversion efficiencies for
planktonic and benthic bacteria to be 50 and 30%,
respectively, but these bacteria were utilizing high-
protein pellets with digestible carbohydrates. Lower
values must be assumed here. Therefore, egestion was
guessed to be 40% of consumption for both groups. Q/
B was guessed to be 500 year! for both groups.

Macrobenthos. These consist mainly of a variety
of insect larvae. Biomass at the end of the culture
period was 11.3 gm?, which was used as the average
biomass here. P/B ratio was guessed to be 1.2 year.

Meiobenthos. These were mainly nematodes,
which feed on bacteria (Warwick 1987). Data on
production of nematodes were not found. Biomass at
the end of the culture period was 3.2 gm?, which was
entered as the average biomass here. P/B ratio was
guessed to be 9 year.

Frogs (Xenopus sp.) were quite abundant in the
grass-fed ponds. At harvest, their biomass can be as
high as 2 kg per pond. An average of 5 gm? was
assumed here. Tadpoles consume primarily
phytoplankton while the adults are carnivores; their
P/B ratio was estimated at 2 year.

Detritus consisted mainly of unconsumed napier
grass parts, especially the fibrous stems. Based on
havests at the end of experiments, grass detritus
“biomass” was estimated at 90 gm2. Napier grass was
added to the pond at a rate of 2 kg dry matter per day.
With 20% dry matter content (Chikafumbwa 1990),
this equals to 50 gm?day!. Total grass input was
18,250 gm?year?,

The available information is summarized in Table
1 (biomass, production, food consumption, excretion
and egestion) and Table 2 (diet composition).

All information was entered into the ECOPATH I1
program. Ecotrophic efficiencies were estimated by
the program for all groups, except for the zooplankton,
where biomass was estimated.

Results and Discussion

Some of the results are presented in Tables 1 and
3, while Fig. 1 summarizes the flows in the system.
Total system throughput (sum of all flows) is around
44 kgm?year?, the bulk of which is not properly
utilized for production in the system, i.e. productivity
is low, 2.1 kgm?year!, with fish harvest of only 78
gm?year!. For comparison the highly productive
integrated Chinese mulberry dike/carp pond system
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Table 1. Biomass and production data for all groups in the pond model. Values in brackets indicate figures that are estimated by
ECOPATH.

Import Harvest Biomass P/B EE
Group (gm*Zyear?) (gmZyear?) (gm?) (year™) (year™)
1. T. rendalli - 49.62 38.65 1.48 10.3 (0.87)
2. O. shiranus - 28.70 28.10 1.29 54 0.79)
3. Frogs - - 5.00 2.00 20.0 (0.50)
4. Zooplankton - - (4.58) 40.00 200.0 0.95
5. Planktonic microbes - - 0.90 150.00 500.0 (0.39)
6. Benthic microbes - - 3.60 90.00 500.0 (0.59)
7. Meiobenthos - - 3.20 9.00 33.3 0.97)
8. Macrobenthos - - 11.30 1.20 10.0 0.37)
9. Phytoplankton - - 28.44 46.59 0.0 (0.51)
10. Detritus 18,250 - 90.00 - - -

Table 2. Diet composition of various biota in a napier grass-fed pond. Group 1is 7. rendalli; group 2 is O. shiranus.

Predator
Prey 1 2 3 4 5 6 7 8
3. Frogs 0.05
4. Zooplankton 0.12 0.31 0.35 0.05
5. Planktonic microbes 0.05 0.05
6. Benthic microbes 0.95 0.80
7. Meiobenthos 0.05 0.20
8. Macrobenthos 0.05
9. Phytoplankton 0.12 0.45 0.25 0.60
10. Detritus 0.77 0.19 0.30 0.30 1.00 1.00
T
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Fig. 1. An initial attempt to quantify the trophic interactions in a napier grass-fed pond in Mala®i. All flows are in

gmZyear!,
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Table 3. Sun;mary of results for amodel of a napier grass-fedpond  fishpondsis needed to construct a morereliable model.
(flow in gm?-year!) At this stage, modelling mainly serves to make us

Sum of all consumption 4,031.2 aware of the shortcomings in our knowledge and to

Sum of all exports 17,667.1 direct research efforts. Apart from that, the question

Sum of all respiratory flows 1,907.9 . h delli

Sum of all flows into detritus 20.475.5 remains whether the steady-state modelling approach
used here is suitable for a system that is continuously

Total system throughput 44,081.6 evolving.

Sum of all production 2,112.8

The harvest has a “mean trophic level” of 2.23 References
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Abstract

Work by The Game Conservancy at the ARC Wetlands Research Centre at Great Linford, England, UK, has
suggested that fish (especially bream, Abramis brama, and perch, Perca fluviatilis) can limit the supply of insects,
especially the nonbiting midges (Chironomidae) as food for wildfowl. This competition reduces the breeding
success of both dabbling and diving ducks.

Removal of the existing stocks of fish in the Main Lake at WRC resulted in an increase in the biomass of
dipteran (principally chironomid) larvae in the following summer and a perceived improvement in the breeding
success of a diving duck species (tufted duck, Aythya fuligula). The larvae of the alder fly, Sialis lutaria, are
predators of chironomid larvae and are thus potential competitors whose effects must be considered in parallel
with those of fish. Their predation was being quantified and modelled.

Changes in phytoplankton and zooplankton production are included in the model because of the potential for
zooplankton to be utilized as an alternative food source by fish such as bream, so effectively reducing the predation
pressure experienced by the chironomid population. The model cannot be used as a predictive tool until it is
properly validated. A model is being developed to understand what effects partial removal of fish stocks would
have on the availability of chironomid larvae, and hence on the breeding success of wildfowl. Predictive

simulations, while desirable, will be available once the model is validated with more data.

Introduction

The decision to model the trophic dynamics of the
gravel pit lake called Main Lake, Great Linford, UK,
was taken to explainin detail the observed effects that
fish removal has upon the production of chironomid
larvae and subsequently upon the survival prospects
of wildfowl in the system. A strong response was
recorded when the entire fish population was removed
from the lake, with chironomid standing crops
improving after removal of its fish from the system
(Gilesetal. 1989). However, experimentshad notbeen
carried out to examine the likely graded response of
partial fish removal.

A simplified foodweb was drawn up (Fig. 1) as a
basis for a model. Chironomid productivity is
effectively reduced by bream predation on the larval
phase, perch predation on the ascending (pharate)
pupal stage and invertebrate (alderfly, Sialis lutaria)
predation on the larval stage. The potential
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predation pressure exerted by bream is modified by
the availability of zooplankton as an alternative
food source, and so it will be necessary to include
subroutines to predict zooplankton stocks (via
phytoplankton stocks) from water chemistry and
environmental data.

The final goal, once attained, is to have a
predictive tool to enable management decisions to
be taken regarding the likely outcomes of fish stock
manipulation, especially in terms of the likely
impacts on duckling survival. It is hoped that by
using a complete predictive model effective
management policies can be developed which are
tailored to the main end-use objectives of flooded
gravel pit sites.

Methods

To assess the impact that fish have upon the
benthic fauna of the lake, staff at Great Linford
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Fig. 1. Asimplified foodweb of a gravel pitlake (Main Lake, Great
Linford, UK).

carried out fortnightly benthic invertebrate
sampling. Ten cylinder samples (0.05 m?) were
taken and, after rinsing through a 300 um mesh
sieve, were sorted by hand in the laboratory. The
environment of the Main Lake was altered over the
five-year period by the removal, and subsequent
reintroduction, of fish. This provided good field

Biomass(dry weight;gm 2*[s.e.)

Fish netted out

o} T

Fish restocked

[¢)
1986

1987 19688 1989 1990 1991

Year

Fig. 2. Dipteran larval biomass in Main Lake (sampling bay only).

evidence ofthe effects of fish predation on chironomid
standing crops (see Fig. 2).

Subsequently, a series of experimental ponds
were set up in an attempt to highlight the effects
that the main benthivorous fish species present in
the Main Lake system, bream (Abramis brama),
has upon the standing crop of dipteran larvae. Each
of nine uniform ponds, measuring approximately 12
m x 32 m, was divided into two halves by a mesh
curtain, and bream were introduced into one-half of
each pond. The density of bream in the “fish half”
was varied, from low (80 kgha), through medium
(the density previously present in the natural lake
system, 160 kgha') up to high (320 kgha?), with
three replicates of each stock density. Two months
after the introduction of fish the chironomid larvae
were sampled by taking ten random cores (1.13 x
103m?) in each half pond. Samples were rinsed
through a 300 um mesh sieve and chironomid larvae
sorted by hand and weighed.

As potential invertebrate competitors of dabbling
and diving ducks, the larvae of the alder fly (Sialis
lutaria) form another sink for chironomid
production. Work by England (1989) suggests that
the predation rate of alder fly larvae upon chironomid
larvae is a function of both alder fly and chironomid
larval population densities. This process, lends
itself very well to inclusion into a dynamic model,
but obviously requires an estimation of alder fly
populations to be made in parallel with chironomid
populations.

Experimental work on tufted ducklings (Giles
1990) examined their ability to capitalize on
improved food availability. In this work foraging
success under laboratory conditions was estimated
over ranges of prey (chironomid larvae) densities
found naturally (see Giles 1990 for details). This
experimental work was intended in part to predict
how natural populations of tufted duck might
respond to changes in chironomid abundance in the
wild.

The increased dipteran larval biomass resulting
from the removal of fish from the Main Lake provided
the opportunity to compare the results from the
laboratory experiments with the response of field
populations of tufted duck. Regular brood
observations by staff at Great Linford were used to
compare tufted duck brood survival when fish were
absent to earlier observations made when fish were
present.

The foodweb comprising chironomids, bream,
perch, mallard, tufted duck and alder fly larvae is
complicated by the tendency of bream to switch
from feeding almost exclusively on chironomid
larvae to feeding on zooplankton during “blooms”
(Fig. 3 and see Lammens et al. 1987). This re-
quires a separate, water quality-based system to
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be built into the model in order to be able to predict
phytoplankton and, in turn, zooplankton abun-
dance. “AQUASIM,” a computer simulation devel-
oped by lecturers at the University of Wales Col-
lege of Cardiff (Bowker and Randerson 1989) to
predict phytoplankton and zooplankton densities
from basic environmental data and nutrient (phos-
phate) availability was used for this purpose (see
Fig. 4 and text below).
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upper threshold (less than or equal to the lower fish
stock density used) above which an increase in the
fish stock density has no further effect on the
standing crop of chironomid larvae.

Analysis of England’s (1989) work leads to the
following empirical equation relating the predation
pressure exerted by alder fly larvae on chironomid
larvae to the larval densities of the alder fly and
chironomid populations present:

P=1.06-(3.85x10°xS) +(1.53x10°x C)

where P = number of chironomids consumed per
alder fly larva per 24 hours; S = alder fly density
(number of larvae per m?); and C = chironomid
density (number of larvae per m?).

Relationships between the average size (wet
weight) of prey (chironomid) handled in terms ofthe
size (again, wet weight) of the predator (alder fly)
can be derived by combining England’s (1989) work
with weight and size values for chironomid larvae
from the detailed paper by Potter and Learner
(1974); this leads to the following equation:

Log (Sw)= 10018 * Cw016

where Sw = wet weight (g) of Sialis lutaria (alder
fly) larva; and Cw = mean wet weight (mg) of
potential chironomid prey.

The results from laboratory experiments on the
feeding abilities of young tufted ducklings (Giles
1990) demonstrated that under such conditions,
foraging success increases linearly with increasing

Results and Discussion

The long-term study on the
benthos of the Main Lake gave re-
sults for dipteran (principally
chironomid) larvae as shown in Figs.
2 and 5. It would appear that the
presence of fish has a dramatic de-
pressing effect on the production of
chironomids by reducing their stand-
ing crop through the summer to ap- ‘
proximately half that of normal (i.e., Available PO
that seen without fish predation). .

This is supported by the results
from the experimental ponds (Fig. 6).
In all but one pond the biomass of
larvae on the side with fish was less

jan that on the side without. It
should be noted that no clear trends
were apparent as regards the effects
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of different densities of bream,
perhaps indicating that there is an

Fig. 4. Basicstructure of AQUASIM, asimulation model developed by lecturers at the
University of Wales College of Cardiff (Bowker and Randerson 1989).
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Fig. 9. Showing the close fit between observed phosphate
concentrations in lake inflow water and predicted values used as
the input to the AQUASIM model (dotted line: 95% confidence belt
of regression line).

food availability (Fig. 7). This suggests that an
increase in the natural abundance of chironomid
larvae in the Main Lake would benefit the wild
populations of tufted duck. It would be most likely
that such benefits would be manifested as an
improved survival of fledging birds, as measured by
brood survival.

Field observations indicated an improvement in
tufted duckling fledging success (Fig. 8) concomitant
with the observed increase in dipteran larval biomass
(Fig. 5). The average size of a brood surviving
through to fledging rose from approximately three
young per successful pair of breeding adults to four.
Such an increase demonstrates quite well that
manipulation of the environment through “stock
control” can result in marked changes in elements



related via the foodweb. In addition to the improved
fledging success subsequent to the fish removal
from the Main Lake, tufted duck began to use the
area to rear their broods. Formerly they had taken
their broods onto the adjacent River Great Ouse
where feeding conditions for young ducklings
appeared to be more favorable (Traill-Stevenson
and Giles 1990).

It is possible to use a simulation, such as
“AQUASIM,” to develop a subroutine for the Gravel
Pit Lake Model to furnish estimates of the likely
levels of phytoplankton and zooplankton densities
from environmental data and basic nutrientloading
data. Thelatter (based principally on the phosphate
levels in the lake inflow water) can be predicted
quite accurately (Fig. 9) and so it should be feasible
to complete likely levels of zooplankton throughout
a yearly cycle. In turn, calculations could be made
regarding the likely prey preference of bream by
reference to the relative (calorific) availability of
chironomid larvae and zooplankters (again see Fig.
3).

The above points can be taken together as a
convincing argument for the need for synergism,
i.e., a need to view the gravel pit lake ecosystem not
as a series of independent relationships but rather
as a whole interdependent system.

A model of a simplified foodweb (Fig. 1) can be
constructed, whilst other environmental driving
functions, such as water temperature or phosphate
concentration of the lake inflow water (which tend
by their nature to be seasonal) can be modelled with
time-based functions. In this way the changes in
biomass of the components of the system (as wet
weight per square meter) can be calculated on a day
to day basis.

Ultimately it is hoped to be able to use the model
to describe the likely benefits of different
management policies (principally the control of fish
stocks) to wildfowl in terms of increased survival
potential through increased food availability. At
this stage it is envisaged that the “ECOPATH II”
system (Christensen and Pauly 1992) will be used to
show the “steady state” of the gravel pit lake
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ecosystem at different times of the year (such as
spring, summer, autumn and winter) with different
fish stock levels. This should provide easily
comparable schematicrepresentations of the trophic
state of the lake with various management regimes.
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Abstract

This paper presents quantitative trophic models of the Laguna de Bay ecosystem, Philippines, for two different
time periods. The first (late 1960s) describes the system without fishpen culture in the system while the second (early
1980s) emphasizes the role of the introduced planktivorous species, especially milkfish (Chanos chanos). Highlights
of the results are: (1) total finfish biomass increased due to the cultivation of milkfish; (2) ecotrophic efficiency of
phytoplankton increased with the development of pen and cage enclosures; (3) phytoplankton flow to detritus was
much higher in the prefishpen period than in the fishpen period and the sum of all flows to detritus decreased about
4 times for the whole system; and (4) the calculated total net primary production decreased by a factor of two in the

fishpen period.

Introduction

Lagunade Bayisthelargestlake inthe Philippines
and lies southeast of Metropolitan Manila in the
island of Luzon (Fig. 1). It has a surface area 0f911 km?
and awatershed area of 2,920 km?2. The lake is shallow
with an average depth of 2.8 m. It is separated into four
main bays: (1) West Bay, industrial urban nearest to
Metro Manila; (2) South Bay, mostly flat terrain with
irrigated rice; (3) East Bay, rising steeply towards a
plateau; and (4) Central Bay, close to denuded hills
with some flat areas where rice is grown.

Early descriptions of the lake mentioned the
presence of crocodiles and of Pristis microdon, the
sawfish - one of the many marine fish of the Philippines
recorded from freshwater habitats (Herre 1958; Pauly
1982). However, they became extinct before the turn
of the century. Also, the clupeid, Anodontostoma
chacunda and penaeid shrimps occurred in the lake in
large numbers some 50 years ago (IESAM 1991) but
pollution has been responsible for adepletion of wildlife
resources and decline of fish species.

In the 1960s, there were 23 known species of fish in
Laguna de Bay of which two-thirds were omnivorous
and the rest carnivorous (Parsons 1961; Delmendo
and Bustillo 1968). Vallejo (1985) reported 25 species,
5 of which were new Laguna de Bay records. Table 1
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lists the species of fish found in Laguna de Bay and
their key properties.

The native fishes utilize a relatively small part
(about 7%) of the primary production of the lake
(Delmendo 1968; LLDA/BCEOM 1984). In the
prefishpen period, fisheries production was high in
terms of bulk catch but consisted of small fish of low
market value (Rabanal et al. 1964). Most of the catch
was used for animal feeds, mainly for the duck-raising
industry, and only 15% was used for human
consumption (Mercene 1983).

By altering the environment, biological food chains
can be modified to provide more food for humans. This
has been the case for the Laguna de Bay ecosystem,
where the economic resource use has been changed
during the past three decades. The introduction of
milkfish (Chanos chanos) culture in pen enclosures in
the 1970s and its development in the 1980s coupled
with the development of tilapia (Oreochromis spp.)
culture in cages have changed the situation in the
lake.

In an effort to make better use of the primary
production of the lake, the Laguna Lake Development
Authority (LLDA), following a recommendation of a
United Nations Fishery Study documented in LLDA



Monilo Bay \':

Fig. 1. MapofLaguna de Bay, Philippines. Right inset shows extent
of fishpens in the mid-1980s.

(1974), introduced milkfish into pen enclosures.
Milkfish is popular for human consumption and
efficiently converts energy by feeding directly on
phytoplankton and algal felts.

Fishpens are enclosures for culturing fish. The
walls are formed by nets that are held up by bamboo
and palm-tree poles duginto the bottom mud. The size
of the fishpen can vary from 0.5 to 100 ha. Double
walling is often used to protect the pens from fields of
water hyacinths. Pen culture is capital-intensive and
the main fish species is milkfish sold to Metro Manila
markets and nearby towns. Use of fishpens for fish
culture was discussed thoroughly in a report on the
small-scale pen and cage culture for finfish published
by FAO/UNDP-SCSP (1982).

The LLDA introduced and experimented with
fishpens on a 0.38-km? pilot project in Looc, Cardona,
Rizal in Central Bay in 1970. They were further
developed in 1980 over 104 km? and proliferated in
1985 over 290 km?, almost one-third of the lake area
(Delmendo 1987) (Fig. 1). Since then there has been a
decreasing trend, down to less than 70 km?in 1991 (F.
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Francisco, LLDA Lake Management Division, pers.
comm.).

This study presents quantitative trophic models
for two different periods of the Laguna de Bay
ecosystem. The first model, referring tothe late 1960s,
describes the food web without milkfish while the
second model, referring to the early 1980s, emphasizes
the role of the introduced planktivorous species with
emphasis on the dynamics of primary production of
the lake.

A Dying Lake: Socioeconomic Impact

Since the 1980s, Metro Manila residents often
describe Laguna Lake as a “dying lake” as did some
researchers (LLDA/SOGREAH 1974; Cruz 1982).
Situated in the densest region in the country, the lake
has become a convenient sink for domestic and
industrial sewage for more than eight million people
and over 1,155 industrial establishments located
around the lake, despite its primary use for fisheries.
Tllegal logging is a problem in the area resulting in
land erosion ofthe watershed and siltation in the lake.
The southern part of the lake is mostly agricultural
and here use of chemical fertilizers and pesticides has
been a routine since the 1960s. The net result is water
pollution, fish kills and diseases, decreased
productivity, low income and lowering of the
socioeconomic status of the fishers.

According to the Inter-church Center for
Development study (ICED, n.d.) and Rivera (1983),
living conditions in the fishing villages are even worse
than that of urban poor settlers in Manila. This is
because of the rapid urbanization of the lake area and
the aggravated economic condition of the lake
inhabitants. Thehousing units of most fishing families
are built close to each other and very near the lake.
The lack of wide open roads and pre-dominance of
narrow paths leading to the lakeshore are signs of
congestion. Most houses are made of wood; only a few
can afford to cement their floors, posts and walls.

The health conditions are equally poor. Most fishing
household members, especially the small children, are
thin and malnourished. There is no efficient and
widespread use of community waste disposal systems.
Faced with low incomes, most fishers cannot afford to
buy medicines for their illness which are often related
to lack of food. Fishers are able to support about 50%
of their children up to grade school level and 41% to
high school. A minority (3.4%) are able to send their
children to college while 5.2% cannot provide any
education for their children at all.

Competition between small-scale fishers and
fishpen owners is intense, and has resulted in the
death of numerous fishers, for which fishpen guards
have been blamed (Maranan 1982).
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Table 1. List of finfish species found in Laguna de Bay and their key properties.

n B
3 v oz &
T8 OB &8 4 @
2 2 3 8 g &
S T g ¢ ¢ &
o . g 5 2 £ £ A3 g
Scientific English Local £ g g E g gz 5
Sources § 28 & & % 3
Gobiidae
Chonophorus melanocephalus | Rock goby Biyang bato [ )
Glossogobius biocellatus Sleeping goby Biyang tulog )
Glossogobius giurus White goby Biyang puti e o o Vallejo 1985
Microgobius lacustris Goby Bulong o
Taenioides gracilis - - ®
Taenioides sp. Eel goby Baliga [
Cyprinidae
Carassius auratus Golden carp Tawes LLDA/WHO (1978)
Cyprinus carpio Common carp Karpa o o [ ] vols. 3and 8
Puntius javanicus Tawes Tawes o
Cichlidae
Oreochromis aureus Blue tilapia Pla-pla [ ]
Oreochromis mossambicus Tilapia Tilapia o o () Parsons (1961)
Belontiidae
Trichogaster pectoralis Snakehead Plasalid ) )
Trichogaster tricopterus Three spot Plasalid ® o
Anabantidae
Anabas testudineus Climbing perch | Martiniko [ ]
Anguillidae
Anguilla mauritiana Eel Igat [ ]
Ariidae
Arius manilensis Sea catfish Kanduli [ ] o Mercene (1983)
Carangidae
Caranx sp. Jack Talakitok o
Chanidae
Chanos chanos Milkfish Bangus ® [
Channidae Delmendo and Bustillo
Channa striata Mudfish Dalag o o (1968)
Clariidae
Clarias batrachus Freshwater Hito [ [ ICED (n.d.)
catfish
Eleotridae
Ophiocara aporos Sleeper Papalo [
Hemiramphidae
Hemiramphus sp. Halfbeak Kansusuwit )
Megalopidae
Megalops cyprinoides Tarpon Buan-buan o
Mugilidae
Mugil sp. Mullet Talilong [
Scatophagidae
Scatophagus argus Spadefish Kitang [ J
Synbranchidae
Ophisternon bengalensis Swamp eel Igat [ )
Syngnathidae
Doryichthys brachyurus Pipefish - ®
Terapontidae
Terapon plumbeus Grunter Ayungin [ [ LLDA/URS (1989)




Materials and Methods

The main purpose of this study is to compare two
different states of the Laguna de Bay ecosystem and
hence to provide a scientific basis to attempts to
mitigate the competition between the small-scale
fishers and fishpen owners. This can be done using
steady-state box modellingin the form ofthe ECOPATH
II model system by Christensen and Pauly (1992) as
modified from Polovina (1984). The model has a budget
equation of the form:

P,-M,;-M,-C;=0

where P;is the production of speciesi, M ; its predation
mortality, M; other mortality and C, the fisheries
catch of species i.

Information necessary for construction of two
preliminary trophic models of the Laguna de Bay
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ecosystem was gathered from the literature. These
represented the 1968 and 1980 time frames, i.e., the
prefishpen and fishpen periods where most of the data
needed were available. The datainputs were assembled,
standardized and converted to tkm2. Not all
parameters were available; however, missing values
and other ecosystem processes such as respiration,
assimilation, and food conversion efficiencies were
estimated by themodel. Parameters usedin ECOPATH
Il such asfisheriescatch, biomass, production/biomass
ratio, consumption/biomass ratio, diet composition,
and ecotrophic and gross efficiencies are presented in
Table 2.

Finfishes

Fisheries harvest (catches) for the periods 1968
and 1980 were taken from Shimura and Delmendo
(1969) and Mercene (1983), respectively. The

Table 2. Parametersinputted (without brackets)in the ECOPATH II model for the periods 1968 and 19801in Laguna de Bay. Parameters in brackets
are estimated by the program. Gross efficiencies (GE) refer to both the 1968 and 1930 models.

Common/scientific names Catch Biomass P/B Q/Be EE GE
19682 1980> 1968 1980 1968 1980 1968 1980 1968 1980
1. Grunter/Terapon plumbeus 29.60 18.50 (7.87) (7.39) 3.98h 2.641 9.42r 8.657 .95 .95 -
2. Goby/Glossogobius giurus 11.30 4.20 (3.22) (1.65) 3.77h 2.7 7.67° 7.23° 95 95 -
3. Catfish/Arius sp. 0.59 1.25 (0.40) 1.32¢ 1.55! 1.55! 4.317 4.647 .95 - -
Clarias batrachus
4. Common carp/Cyprinus carpio 0.79 0.07 (0.67) 0.06° 1.24 1.24 8.30n 8.30» 95 - -
5. Mudfish/Channa striata 2.04 0.10 (3.36) 0.14° 0.75 0.75 5.024 5.029 .95 .95 -
6. Tilapia/Oreochromis spp. 0.30 7.21 (0.26) 1.42® 1.20% 1.20% 24537 24.537 95 - -
7. Milkfish/Chanos chanos 0.00 41.656 - 9.13f - 4.800f - 41.527 - - -
8. Shrimps/2 species, dominant: 30.61 8189 12.0° 12.00 (3.16) 0.94) (12.64) 3.77) .95 .95 0.25
Macrobrachium lanceifrons
9. Snails/5 familfes, dominant: 10743 199.70 40.0° 40.00 (2.88) (5.27) (11.53) (21.07) .95 .95 0.25
Family Malaniidae
10. Midges/7 species, dominant: 0.00 0.00 1.6° 1.60 (3.92) (1.69) (15.70) (6.76) .95 .95 0.25
- Family Chironomidae
11. Annelids/2 species, dominant: 0.00 0.00 0.7¢ 0.70  (13.09) (350) (52.35) (13.99) .95 95 0.25
Family Tubificidae :
12. Microcrustdceans 0.00 0.00 2.0¢ 2.00 (28.53) (14.98) (114.12) (59.91) .95 .95 0.25
13. Higher aquatic plants/ 0.00 0.00 11.0¢ 11.10 5.00! 5.00' 0.00 0.00 - - -
water hyacinth
14. Zooplankton 0.00 0.00 12.04 16.906  70.00¢ 89.70¢ 282.00 358.00 .20 .20 -
15. Phytoplankton 0.00 0.00 82.0d 60.55¢ 268.36¢ 146.90¢ 0.00 0.00 - - -
16. Juvenile fish 0.00 0.00 4.3 (1.97) 3.00™ 3.00m 8.00™ 8.00™m .95 .95 -

2 From Shimura and Delmendo (1969).

b From Mercene (1983).

¢ From Rabanal et al. (1964).

d Derived from LLDA/WHO study (1978), with zooplankton
biomass of 500 ind./l and phytoplankton biomass of 27.5 mg/l
(average of 1973, 1974 and 1976 biomasses).

Based on biomass (B) x production/biomass (P/B) ratio x
ecotrophic efficiency (EE) = catch + predation mortality (Mp).
Derived from LLDA/WHO (1978) and computed from two
harvests per year with five months culture period each with a
lag of two months between harvests.

Derived from Nielsen (1983) with zooplankton biomass of 16.9
tkm™ from the average of Central Bay (21.5 gm™) and West
Bay (12.3 gm2) and phytoplankton biomass of 60.55 t km2
from the average of Central Bay (96.6 gm?) and West Bay
(24.5 gm?).

[

-

o

b Derived from Ingles and Pauly (1984).

{ Derived from length-frequency data of Mercene (unpubl.) using
the Compleat ELEFAN software.

i 15% of QB.

k Derived from LLDA/WHO (1978) and computed from two
harvests per year with 4.5 months culture period each with a
lag of three months between harvests.

1 Assumed value.

m From Liew and Chan (1987).

" From Ruddle and Christensen (this vol.).

° Computed using the model of Palomares and Pauly (1989).

P Derived from h.

9 Derived from Kilambi (1986).

T Derived from 1.
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differences between the two periods are mainly caused
by the presence of milkfish with a harvest of 41.64
tkm2year! and the increased harvest of tilapia with
7.21 tkm?year! of which 6.88 tkm?2year! were
taken from cages in 1981 and the rest from open
fisheries.

Biomasses of catfish (Arius manilensis), carp
(Cyprinuscarpio), mudfish (Channa striate) and tilapia
(Oreochromis mossambicus) in 1980 were estimated
from B = (C+M)/(EE*P/B), given that biomass (B) x
production/biomass ratio (P/B) x ecotrophic efficiency
(EE) = catch (C) + predation mortality (M). The
estimate of biomass for milkfish in the same period
was derived from LLDA/WHO (1978) and computed
from two harvests per year with a five-month culture
period each and alag of two months between harvests.

Under steady-state conditions, production/biomass
ratio (P/B) is equal to the total mortality (Z) (Allen
1971). For the prefishpen period, values of Z for
grunter and goby were taken from Ingles and Pauly
(1984) and those for tilapia were derived from data in
Mercene (1979) using ELEFAN I and II (Gayanilo et
al. 1989). Values for carp and mudfish were assumed
to be 15% of their Q/Bs and those of tilapia were
computed from the ratio of their known production
and biomass. During the fishpen period, the P/B
values of grunter (Terapon plumbeus), goby
(Glossogobius giurus) and catfish (Arius manilensis)
were also taken as the total mortality (Z) estimated
from the 1978-1979 length frequency data of Mercene
(unpubl. data) using ELEFAN I and II. For carp,
mudfish and tilapia, the samevalues of the prefishpen
period were used. The P/B of milkfish was computed
from the ratio of production over biomass for the
species. The value of P/B for juvenile fishes was taken
from Liew and Chan (1987) for both periods.

Consumption/biomass ratio (Q/B) estimates of
finfishes were derived from the method proposed by
Palomares and Pauly (1989) with known asymptotic
weight (W_), caudal fin aspect ratio (A), average
habitat temperature and feeding type (predator vs.
herbivore). For the prefishpen period, data on grunter
and goby were taken from Ingles and Pauly (1984) and
those for catfish were taken from the 1978-1979 data
of Mercene (unpubl. data). For the fishpen period,
values for grunter, goby and catfish were also adapted
from Mercene (unpubl. data). Data on mudfish were
taken from Kilambi (1986). The Q/B values of carp and
juvenile fishes for both periods were taken from Ruddle
and Christensen (this vol.) and Liew and Chan (1987),
respectively. Data for tilapia and milkfish were taken
from LLDA/WHO (1978). For milkfish, estimates were
derived from two harvests per year with a five-month
culture period each and a lag of two months between
harvests and for tilapia, from two harvests per year
with a 4.5 month culture period each and a lag of three
months between harvests.

Invertebrates/Benthos

Shrimp and snail harvest/catches were obtained
from Shimura and Delmendo (1969) and Mercene
(1983); no value for the harvest of other invertebrates
was available. Biomass estimates for shrimps, snails,
midges, annelids and microcrustaceans in the
prefishpen period were taken from Rabanal et al.
(1964). The same values were used during the fishpen
period since no information was available for that
period.

Plankton and Aquatic Plants

Phytoplankton biomass does not appear to have
been recorded in 1968; therefore, data were taken
from the averages of 1973, 1974 and 1976 records
gathered by LLDA/WHO (1978). Biomass of
phytoplankton during this period was 27.5 mg1! or
82.5 tkm in wet weight. For the fishpen period, a
value 0of60.55 t km2 was obtained from Nielsen (1983).
This estimate was the average of Central Bay (96.6
tkm?) and West Bay (24.5 tkm?) estimates. The
values were relatively high because during these two
periods there were phytoplankton blooms in the lake.
The zooplankton biomass in the prefishpen period was
converted using a table of Jorgensen (1979) from the
value of 500 organisms 1’1 (= 12 tkm™ wet weight). In
the 1980 period, the biomass was 16.9 tkm™, the
average of Central Bay (21.5 tkm?) and West Bay
(12.3 tkm™) estimates. Production/biomass ratios of
phyto- and zooplankton were simply the ratio of the
estimated production and biomass. The 1968 biomass
valuefor higher aquatic plants was taken from Rabanal
et al. (1964) and the same estimate was used in the
1980 value as no information was available for that
period. The P/Bs of aquatic plants and Q/Bs of
zooplankton were assumed.

Diet Composition

Finfish diet compositions (Table 3) were obtained
from LLDA/WHO(1978), Delmendo and Gedney(1974)
and Delmendo (1968). These data were adapted, to
include juvenile fishes, which comprise young perch,
goby, catfish, carp and mudfish. The same was done
with microcrustaceans; some were included with the
zooplankton to avoid inconsistencies found in the
literature.

Ecotrophic and Gross Efficiencies

Ecotrophic efficiency (EE) is defined as the part of
production that goes toexport or to predation mortality.
EE is difficult to measure and was assumed to be 0.95
for finfishes and invertebrates of Laguna de Bay,
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Table 3. Diet composition of species/groups in Laguna de Bay (%). Group 15 is phytoplankton, group 17 detritus.

Prey
Predator Year 1 2 8 9 10 11 12 14 15 16 17
1. Grunter 1968 01 0.2 0.4 30.0 40.0 29.3
1980 0.1 04 30.0 39.5 30.0
2. Goby 1968 13.7 30.0 56.3
1980 10.0 40.0 50.0
3. Catfish 1968 0.5 20.0 8.0 35.5 20 14.0 20.0
1980 0.4 20.0 6.1 35.5 20 10.0 26.0
4. Carp 1968 20.0 5.0 15.0 "10.0 15.0 35.0
1980 20.0 10.0 10.0 10.0 15.0 35.0
5.  Mudfish 1968 05 05 10.0 5.0 30.0 5.0 4.5 22.0 22,5
1980 06 0.7 20.0 20.0 2.2 10.0 25.0 21.5
6. Tilapia 1968 5.0 90.0 5.0
1980 5.0 90.0 5.0
7. Milkfish 1980 100.0
8.  Shrimps 1968 + 1980 5.0 20.0 20.0 10.0 45.0
9. Snails 1968 + 1980 10.0 90.0
10. Midges 1968 20.0 5.0 75.0
1980 10.0 5.0 85.0
11.  Annelids 1968 5.0 10.0 85.0
1980 25 10.0 875
12. Microcrustaceans 1968 + 1980 50.0 50.0
14. Zooplankton 1968 + 1980 5.0 9.50
16. Juvenile fish 1968 + 1980 80.0 10.0 10.0

indicating that most of the production is assumed tobe
used. (1-EE) is the fraction of production that dies off,
resulting in the decay and bacterial decomposition of
the products, which in turn become nutrients for new
production. Gross efficiency (GE) values, defined as
the ratio between production and consumption, and
required for estimation of Q/B ratios were assumed to
be 0.25 for the invertebrates of Laguna de Bay, which
is within the range of physiologically possible values
(V. Christensen, pers. comm.).

Results and Discussion

As shownin Table 2, the Laguna de Bay openwater
fisheries in 1968 generated an annual average finfish
catch of 45.0 tkm™ and about 138.0 tkm™ of shrimps
and snails. The three dominant species, which
comprised more than 93% of the catch, were Terapon
plumbeus, Glossogobius giurus and Arius manilensis.
Close to 8,000 full-time and about 2,000 part-time
fishers operated on the lake using 43 different types of
fishing gear (Shimura and Delmendo 1969). The most
common gears were traps, gill nets and push nets.

Milkfish production in 1980 amounted to 42.0 tkm?,
about two times more than all other finfish species
combined (at 31.0 tkm™) and only slightly less than

the catch of all finfish species in 1968 (at 45.0 tkm2).
The total finfish biomass is higher in the fishpen
period at 21.0 tkm? than in the prefishpen at 16.0
tkm2 as shown in Tables 2 and 4. This is due to the
presence of milkfish in the latter period. The fishpens
covered an area of 104 km?2. More than 4,000 full-time
and less than 1,000 part-time fishers fished in the
lake, half as many as in 1968. They used four major
gears, namely, gill nets, fish corrals, motorized push
nets and longlines (Mercene 1987).

Tilapia was caught from open waters at 0.3 tkm?
in 1968 compared to 7.21 tkm-2in 1981, of which 0.33
t’km? was contributed by the openwater fisheries and
the rest by fishcage culture. Thus, the catches of
tilapia from openwater fisheries did not decline; as
one-third of the lake was closed to fishing in the latter
period, the catch rates actually seem tohave increased.

There was a considerable decrease infish production
ofthe openwater fisheries from 1968 to 1980, resulting
in low income for the fishers. The following might be
thought as having contributed to the decline: (1) a
decrease in the number of fishers on the lake; (2) a
reduction of the available openwater areas for fishing
due to the expansion of fishpens; and (3) limited
circulation of 1ake water in congested areas resulting
in the depletion of food organisms and in turn led to
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Table 4. Computed parameters of the Laguna de Bay ecosystem using ECOPATH II model.

Group/species Biomass (t-km2) P/B (year?) QB (year!)
1968 1980 1968 1980 1968 1980
Grunter 7.873 7.388 - - - -
Goby 3.220 1.652 . - - -
Catfish 0.401 - - - - -
Carp 0.668 - - - - -
Mudfish 3.355 - - - - -
Tilapia 0.263 - - - - -
Milkfish - - - - - -
Shrimps - - 3.160 0.942 12.640 3.768
Snails - - 2.882 5.268 11528 21.071
Midges - - 3.923 1.691 15.698 6.764
Annelids - - 13.087 3.498 52.350 13.993
Microcrustaceans - - 28.530 14.978 114.122 59.912
Aquatic plants - - - - - -
Zooplankton - - - - - -
Phytoplankton - - - - - -
Juvenile fish 4.306 1971 - - - -

poorfish growth (LLDA/WHO 1978; LLDA/URS 1989).
Further, the downward trend in fish and snail
production, according to Mercene (1987), might be the
result of ecological imbalance such as siltation and
sedimentation, poor water quality and the destructive
effects of some gears like motorized push nets and
small-meshed gill nets. ‘

Regarding the invertebrate components, such as
shrimps and snails, intensive harvesting had been
applied prior to and during the fishpen periods. The
shrimps harvest declined from 30.61 to 8.18 tkm™2
while the snails increased from 107.43 to 199.70 tkm2.
The influence of intensive harvesting on the food
. chain, specially on snails was not established due to
little information on causes and effects. However, it is
certain that the removal oflarge quantities of shrimps
and snails must reduce the amount of food for benthic
feeding fishes.

Table 5 presents a summary of important changes
in the Laguna de Bay ecosystem. The mean trophic
level of the catches/harvest in the prefishpen period
was 3.26 while thatin the fishpen period had decreased
to 3.08 due to the phytoplanktivorous milkfish. These
levels are relatively low compared to the level of
ecosystems in this volume.

The efficiency of the fisheries (fisheries catch/
primary production) in the prefishpen and fishpen
periods were 0.0082 and 0.0314, respectively. The
increasein the latter period means that the utilization
of the primary production has increased since the
prefishpen period. This is due to the introduction of
milkfish and the increase in the catch of tilapia.

Phytoplankton flow to detritus was much higherin
the prefishpen period at 18,732 tkm? than in the
fishpen period at 2,553 t km. In general, the sum of

; all flows to detritus decreased more than three times

Table 5. Summary of the important changes in the Laguna de Bay ecosystem calculated using
ECOPATH II models. Except for the total biomass (excl. detritus), which is in t-km2, all units

are in t-km2year!.

1968 1980
Sum of all consumption 4,426.7 7,605.1
Sum of all exports 20,451.7 5,935.6
Sum of all respiratory flows 1,743.0 3,014.7
Sum of all flows into detritus 20,936.1 6,522.4
Total system throughput 47,557.4 23,077.7
Sum of all production 23,321.1 10,806.9
The fishery has a ‘mean trophic level’ 3.26 3.08
Its gross efficiency (catch/prim. prod.) is 0.0082 0.0314°
Calculated total net primary production 22194.7 8,950.3
Total primary production/total respiration 12.7 3.0
Net system production 20,451 5,935
Total primary production/total biomass 122 53
Total biomass/total throughput 0.004 0.007
Total biomass (excl. detritus) 181.9 167.9
Total catches 182.7 280.9




for the wholesystem. The decrease maybe accountable
to milkfish and tilapia, both planktivorous species,
grazing on phytoplankton in the fishpen period along
with a decrease in phytoplankton biomass and
productivity.

The sum of all consumption, exports, respiratory
flows and flows to detritus gave rise to an estimation
of total system throughput (TST) and the sum of all
production (SAP), which is an indicator of the size of
the two communities during the two periods. The TST
and SAP in the prefishpen period were twice as high
as those of the fishpen period. The TST and SAP in
1968 were 47,557 and 23,321 compared to 23,098 and
10,807, respectively, in 1980.

Fig. 2 shows the mixed trophic impact the various
groups/species had on the other groups in the system
in the 1980 model. The impacts for the 1968 model (not
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shown) are very similar. The graph shows the trophic
impact that each group in the system has on all other
groups in the given static situation. Interestingly, the
zooplankton is found to impact the phytoplankton
much more than either milkfish or tilapia. Figs. 3 and
4illustrate the ECOPATH Il models of Laguna de Bay
prior to and during fishpen periods. The mudfish
(Channa striata) and the catfish (Arius manilensis)
are typical carnivores occupying the highest rank in
the aquatic food chain.

In Laguna de Bay, the calculated total net primary
production was estimated in 1968 and 1980 at 22,195
and 8,950 tkm2, respectively. The reduced value
during the fishpen period indicates that the presence
of milkfish in pens and tilapia in cages may have
contributed to the decline. This agrees with the
observations of Nielsen (1983)and Oosterberg (1987)
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that milkfish and tilapia filter the phytoplankton and
zooplankton from the water flowing freely through
the pens and cages. These species are therefore
important factors in keeping the phytoplankton
biomass low and may even indirectly depress primary
productivity. There is also a tendency toward shifted
species composition of phytoplankton in the lake,
creating an excess of very small phytoplankton as a
result of milkfish and tilapia grazing.

It is assumed that during the height of fishpen
proliferation in the mid-1980s, the carrying capacity
ofthelake tosustain production wasreached, resulting
in the strong decline of the capture fisheries. This
resulted in death or in growth reduction of milkfish
and native fishes as observed by pen operators and
fishers. Fishes took a longer time togrow toharvestable
size; thus, fishpens suffered from a low production.

There are several reasons (aside from overstocking
the pens) why the primary production could not
support excessive numbers of milkfish anymore. The
production of milkfish excreta probably raised the
levels of ammonia and little spacing between pens
might have reduced the dissolved oxygen content due
to poor water circulation. These conditions might also
haveincreased theincidence of fish diseases asreported
in 1983 (Delos Reyes and Belen 1988).

However, this does not necessarily discount other
factors than the limited primary production. There
has been some controversy on the above issue in
Lagunade Bay (Pullin 1981). According to the reports,
nitrate (LLDA/SOGREAH 1974), temperature (LLDA/
WHO 1978; LLDA/BCEOM 1984) and turbidity
(Nielsen et al. 1981) are the limiting factors of primary
production. Furthermore, interpretations on the above
data were made by LLDA/ERL (1985) and IESAM
(1991).

This study interprets biological changes in the
Laguna de Bay ecosystem during the past three
decades using two ECOPATH II models, sensitive to

food chain structure. As part of the author’s ongoing.—

study on the geoecology of Laguna de Bay, continued
sampling is being done to gather adequate and reliable
biclogical, ecological and fisheries data. This will form
part of a third ECOPATH II model, reflecting the
present situation of the ecosystem. It is hoped this will
help resolve some of the issues raised here.
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LAKES

Traditionally modelling of aquatic ecosystems
has concentrated on lakes. There are many reasons
for this. Some are practical in nature, e.g., lakes are
largely closed ecosystems, therefore fulfilling a key
requirement for modelling. Often they are also easily
accessible, making cost-effective sampling schemes
possible.

Other reasons for modelling lakes are linked
with the problems associated with industrialization
and/or intensification of agriculture, and increased
eutrophication especially in the more developed
parts of the world. Because of the nature of these
problems, attention has been on describing the
dynamics of lake ecosystems whereas few models
have been developed with the purpose of describing
trophicinteractionsinlakes. Here the present volume
has a contribution to add. From temperate areas
four models are presented, two from Europe, one
from West Asia and one from North America, while
the tropics are represented with models of the largest
lake in the Philippines (previous section), of a small
and productive lake in India and of a number of
African lakes.

In the tropics, lakes are as yet generally of more
importance for fisheries than as recipients for
pollutants. Thereis therefore aneed fordevelopment
of models for fisheries management. This need can
perhaps be illustrated by a comparison of fish yield
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Fig. 1. Fish yields and fishing effort on African lakes. (Redrawn
from Henderson and Welcomme 1974).
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and effort on African lakes (Fig. 1), which shows the
expected - high fishing pressure leads to less fish per
fisher, and the fishing pressure is steadily growing
everywhere.

In the tropics and subtropics, only Africa has
large natural lakes. The three largest (Victoria,
Malawi and Tanganyika) cover a combined area of
134,000 km?. You will find trophicmodels of all three
of these in this section - along with models of a few
other African lakes - Lakes Turkana, George, Chad,
and the large artificial lake, Lake Kariba, once the
largest in the world.

Artificial lakes, i.e., reservoirs, comprise the
greatest areas of stable standing waters in the
tropics. In the 56 countries and associated islands of
Africa, there are 320 major dams and reservoirs
occupying a total of 41,000 km?. Noting that Africa
to a large extent derives her fish production from
freshwater, one can add that the reservoirs have
come to play an important role for the supply of fish
protein. Roughly 10% or 150,000 t-year! of inland
fisheries yields come from reservoirs, and there is
good reason to presume that this production can be
increased if we learn how to manage the ecosystems
in the reservoirs - and for that matter in other
resource systems as well. Due to the brief biological
history of the reservoirs they do not possess the
variety of life forms that characterizes most lakes.
This raises a need for careful consideration of
introductions as all ecological niches may not be
filled, something that often results in inefficient
transfer from primary production to fish yield
(Fernando and Holcik 1982).

As an example, introduction of “kapenta”
(Limnothrissa miodon) into Lake Kariba resulted in
the niche for small pelagics being filled and in
sustainable catches of some 32,000 t-year! annually.
Still, the problem of introduction of new species is
not an easy one. The introduction of Limnothrissa
miodon from Lake Tanganyika in to Lake Kariba
may havebeen a success, but as discussed by Machena
and colleagues (this vol.) the system is far from
optimized yet.

Actually, even for much older (and mature?)
ecosystems, the same problem exists. Degnbol (this
vol.) convincingly shows how the pelagic ecosystem
ofthe old Lake Mala®iproduces more lake flies than
fish, and he concludes “it takes more than the age of
Lake Malawi (approx. 10 mio. years) for a cyprinid
to accumulate the skills needed for competitive
zooplankton grazing”. A debate, still unresolved,
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has been going on for a decade on whether or not to
introduce Lake Tanganyika clupeoids to Lake
Malawi.

A similar discussion is also continuing on the
consequences of the introduction of Nile perch to
Lake Victoria, which may be assessed by comparing
the role of Nile perch in different lakes. In the
present volume, you will find trophic models of
Lakes Victoria, Tanganyika and Turkana, all of
which (now) have Nile perch as apex predator. In
Lake Victoria, Nile perch has apparently reduced
the species diversity of the small haplochromines
upon which it feeds, thereby also feeding a huge
controversy about the wisdom of introductions, a
problem discussed in several of the contributions in
this section. Atentative - to some extent controversial
- conclusion seems to be that this specificintroduction
has been successful from a fisheries point of view
(see Acere 1988) notwithstanding vociferous claims
to the contrary (Witte et al. 1992). Yet from a
biological point of view it may have been a disaster,
although recent evidence suggest that the reduction
in abundance ofhaplochromine cichlids and diversity
may also be linked to excessive fishing pressure
(Harrison et al. 1989). Not only was Nile perch
introduced but also fish meal plants to process
catches from industrialized haplochromine cichlids
fisheries; moreover haplochromine cichlids have

been found to thrive in parts of Lake Victoria where
they are not exposed to fishing but only to Nile perch
predation (Harrison et al. 1989).

Still we do not want to draw firm conclusions
from the analyses presented here; that is not even
the purpose of these reflections. Instead we want to
point out that predator-prey studies in the form of
quantified models of trophic interactions are of
importance for elucidating questions such as those
posed by introductions; the discussion in several of
the papers in this section illustrates this.
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Abstract

An attempt to construct a trophicmodel of Veli Lake, southern India, was made using the ECOPATH I approach
and software. This was used to estimate the biomasses of exploited fishes such as mullets, Etroplus, catfishes and
prawns and of their preys. Catches from the lake are very high and, in consequence, high biomasses are estimated

for most groups.

Introduction

Veli Lakeis arelatively small waterbody situated
5 km northwest of Trivandrum City, southern India
at 08°28' northern latitude and 76°57' eastern
longitude (Fig. 1). The lake is 1 km long and 0.3 km
wide with an average depth of only 2 m. During the
southwest monsoon the lake opens for a few days to
the sea through a narrow outlet. Seawater exchange
takes place only during these days. Seasonal
variations of benthic

present study a trophic model of Veli Lake is
constructed using ECOPATH II (Christensen and
Pauly 1992) with data collected by the author and
supplemented by other literature.

Materials and Methods

The diet composition of the fishes was estimated
by analyzing stomach contents of fish samples. Catch
data were obtained from the landing

fauna (Murugan et al.
1980) and zooplankton
(Arunachalam et al.
1982) of this area have
been studied in detail.
Scanty information on
the fish fauna of the lake
is available, but no
details have so far been
published.

Even though the
lake is small, regular

fishing by a few country
crafts using small seine
nets exists, though no
attempt has hitherto
been made to assess the
stock upon which that
fishery is based. In the

Arabian
Sea

centers and directly from fishers
operatingin the lake. Data on benthic
producers were mainly from
published work (Murugan et al. 1980)
while primary production estimates
were from Arunachalam et al. (1982).

Except for benthic producers,
high values (0.95) of ecotrophic
efficiency (EE) have been used in the
input to imply a high utilization of
the fishes by the fisheries and by
predators.

No major phytoplankton blooms
occur in the lake and only slight
fluctuations associated with monsoon
occur in the phytoplankton and
zooplankton biomass in the lake
(Arunachalam et al. 1982). Based on
this, a high ecotrophic efficiency can
be expected for the phytoplankton.

Table 1 presents the model inputs
(except for the diet matrix, not

2 akurom
Lake

Fig. 1. Veli Lake and
surrounding area, southern ()
India.
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Table 1. Inputs used for ECOPATH II model of Veli Lake (with derived estimates in brackets). Exports (catches)
are in gm-year!, P/B and Q/B are annual rates, and biomasses are in gm2. EE is the ecotrophic efficiency and GE,

the gross efficiency (P/Q); both are dimensionless.

Group Export P/B QB EE GE Biomass
Channa sp. 6 (0.46) 2.29 0.95 0.20 (13.8)
Chanda sp. 1 (1.43) 717 0.95 0.20 (0.7
Therapon sp. 1 (0.81) 4,07 0.95 0.20 (1.3)
Gobies 3 0.60 2.38 0.95 (0.25) (6.2)
Puntius sp. 12 1.00 474 0.95 0.21) (29.7)
Mullet 18 2.00 4.02 0.95 (0.50) (19.1)
Etroplus sp. 42 1.10 3.10 0.95 (0.35) (41.6)
Catfishes 9 0.45 3.81 0.95 (0.12) (21.1)
Prawns 9 0.70 3.00 0.95 (0.23) (57.6)
Zooplankton 0 40.00 280.00 0.95 (0.14) (3.4)
Benthos 0 3.00 12.50 0.95 (0.24) (39.1)
Phytoplankton 0 70.00 0.00 0.95 . (16.3)
Benthic producers 0 15.50 0.00 (0.02) - 475.0
Detritus (7,213.7) - - (0.07) - 3.8

Results and Discussion

The estimated biomass and other outputs of
ECOPATH II is presented in Table 2 and in Fig. 2.
Generally the biomass estimated by ECOPATH 11

appears high, but perhaps not unrealistically so,

Table 2. Summary of statistics obtained for Lake Veli from
ECOPATH II. (Flows are in gm-year?; trophic level and gross
efficiency are dimensionless).

Sum of all consumption = 2,090
Sum of all exports = 7,315
Sum of all respiratory flows = 1,192
Sum of all flows into detritus = 7,792
Total system throughput = 18,389
Sum of all production = 8,935
Mean trophic level of fishery = 3.37
Gross efficiency (catch/prim. prod.) of fishery = 0.0119

noting the high primary production in the lake and
the high catches. The high (input) biomass for the
benthic production (475 gm?) consists of aquatic
macrophytes such as Elodea, Hydrilla and Nitella
which are found in large quantities in the lake.
These constitute acomponent of the food of herbivores
and are also consumed on decay as detritus; still
their utilization is far from total and their EE value
is thus low.

Thelakeis fished regularly but sofarno estimates
of biomass of any fish or prawn have been made and

hence there is no scope for comparison of the
estimates. Recentlyincreased catches of prawns and
Etroplus have been observed.

The main environmental influence in the lake
appears to be associated with the monsoon and thus
more details for premonsoon, monsoon and
postmonsoon seasons should be collected if the
present model is to be refined and if attempts to use
ECOPATH 11, separated or combined models, for
these seasons should be made. In the meantime we
note that the ECOPATH II model has enabled us to-
obtain new insights on Veli Lake, notably on the
trophic ecology of its fishes.
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Abstract

IJsselmeer in the central part of the Netherlands is a 182,000 ha shallow eutrophic freshwater body with an
average depth of 4 m. Commercially important fish species are the eel (Anguilla anguilla), two predators, pikeperch
(Stizostedion lucioperca) and perch (Perca fluviatilis) and the short-lived smelt (Osmerus eperlanus).

Other important fish species in the ecosystem are ruffe (Gymnocephalus cernua), bream (Abramis brama) and
roach (Rutilus rutilus). The fishery consists mainly of a fyke net fishery for eel and spawning smelt and a gill net fishery
for pikeperch and perch. Important fish-eating birds are the cormorants (Phalacrocorax carbo), grebes (Podiceps
cristatus), mergansers, gulls and terns. The trophic relations between phytoplankton, zooplankton, fish, birds and the
fishery were estimated over the period 1983-1987. The zooplanktivorous smelt, producing 130 kg-ww-halyear?,
appeared to be a key species within the food web. Smelt was mainly consumed by perch (59 kghalyear?). Birds
consumed 48 kghal'year! of fish, of which 42% was smelt. The impact of the fishery consisted of overexploitation of
eel and pikeperch stock and of catching large amounts of 0- and 1-group fish as by-catch in the fyke net fishery. The

discarded by-catch was utilized by gulls and terns.

Introduction

IJsselmeer, with its 182,000 ha, is one of the larger
freshwater lakes in Europe. Due to the nutrient input
from the River IJssel, a branch of the Rhine River, and
its shallowness, IJsselmeer has a high productivity. It
serves many functions, e.g., fisheries, recreation,
drinking water supply, transport, and as a rest and
forage area for birds.

Some of these functions conflict with each other,
e.g., fisheries and birds use the same resource. The
fishers blame the cormorants for the decline in the eel
catches. The cormorants which forage in IJsselmeer,
come mainly from colonies in three nearby
marshes: Lepelaarsplassen, Naardermeer and
Oostvaardersplassen. These colonies are unique by
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size in Europe and are therefore of international
importance. The impact on the lake ecosystem of both
fishery and cormorants has never been quantified
simultaneously in the case of IJsselmeer.

IJsselmeeris one of the mostimportant haunts for
waterbirds and is thereby a wetland of international
importance (van Eerden and Zijlstra 1986). Concerning
the fish-eating species, a year-round usage occurs,
both by birds from colonies of breeding species (gulls,
terns and cormorants) as well as by wintering and
migratory species (mergansers, black tern [Chlidonias
niger]).

The aim of this study is to depict the major routes
for the energy flow in the IJsselmeer ecosystem, thus
elucidating especially the impact of both fisheries and
birds on the ecosystem.



Materials and Methods

Study Area

The situation of IJsselmeer and of the marshes,
where the cormorants breed, is presented in Fig. 1.
Since 1975, IJsselmeer has been partitioned into a
112,000-ha northern and a 70,000-ha southern parts.
The water is supplied for 70% through the River
IJssel. The phosphorus load amounted to 7 and 1.4
gmZyear! in the northern and southern parts,
respectively. The nitrogen load is about 10 times as
high (Berger and Sweers 1988). Total phosphorous
levels averaged 0.28 mgl?! and 0.15 mgl?! in the
northern and southern parts, respectively, over the
period 1983-1986. In the southern part, phosphorus is
mainly absorbed to suspended silt and clay. Hence
only 10% of phosphorusis directly available for growth
of algae. From time to time growth of algae can be
phosphorus-limited (Berger et al. 1986). Mean depth
of the northern and southern parts, 4.5 and 3.6 m,
respectively, was averaged (weighted for surfacearea),
since the available information for birds and fisheries
could not always be disaggregated.

Phytoplankton

Diatoms (Melosira spp., Asterionella formosa) are
generally found early in the year. The most abundant
green algae are Scenedesmus spp., while Microcystis
aeruginosa is the most abundant blue-green alga. In
some years a bloom of Oscillatoria agardhii occurs
(Berger and Sweers 1988). Phytoplankton
concentrations were measured at three stationsin the
northern and three stations in the southern parts of
IJsselmeer. Data were available for the period 1983-
1986. Chlorophyll a concentrations were converted to
wet weight as follows: 1 mg chlorophyll a = 100 mg dry
weight and 1 g wet weight = 0.15 g dry weight. As
primary production data were not available, data from
Berger and Sweers (1988) for 1976 were used: daily
biomass gross production averaged 14% of total
biomass, which results in a gross production/biomass
(P/B) ratio of 51.1 yearl.

Zooplankton

No zooplankton data were available for the period
1983-1987, so the zooplankton data from a lake-wide
survey during June, August and September 1987-
1989 were used. Sampling was carried out on 22
stations with a Friendinger or Schlinder-Patalas
sampler.

P/B ratios are based on estimates made by
Vijverbergetal.(1990)in Tjeukemeer, whichis situated
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in the northern part of the Netherlands and has a
similar zooplankton community. Daphnia galeata, D.
cucullata, Bosmina coregoni, B. longirostris, Chydorus
sphaericus, Leptodora kindtii and cyclopoids are the
main species. On a yearly basis, mean P/B ratio for
these species was 52.7.

Fish

Fish stock biomasses were estimated during
November surveys, using a 20-mm stretched mesh
bottom trawl. The swept-area method was used to
calculateabundance perhectare. Forsmeltthevolume
swepl was used, since it was the only species which
was clearly not confined to demersal layers. Thereby
it is assumed that smelt is uniformly distributed over
the water column in the shallow IJsselmeer. This
asssumption is not yet substantiated by survey data,
but is probably close to reality.

Since only the production of predators is known,
a transfer efficiency (ratio of the biological production
of predator and prey) of 20% from fish to fish (Pauly
1986) and 10% from macrofauna and zooplankton to
fish was used.
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Birds

Birds were counted by means of aerial surveys on
amonthlybasis over the entire lake. Fish predation by
birds was investigated by examining pellets of gulls
and cormorants and stomachs of drowned mergansers
and grebes. Some data on bird diets were collected in
other years than the period 1983-1987, due to the
nonavailability of certain bird species during that
period.

Fishery

The yield of the fishery was estimated on the basis
ofregistered landing statistics. Ageand size composition
were based on market sampling programs. Surveys
revealed the amount of by-catch, composed of 0- and 1-
group fish, in the fyke net fishery. This by-catch is
discarded and is thought to be the main food source for
gulls and terns.

Results

The estimated biomass, production and
consumption are presented in Fig. 2 and Table 1, while
the diet compositions of the major predators are
presented in Table 2. The thickness ofthelines indicates

the amount of energy flow. Solid boxes and lines
represent quantified biomass and transfer estimates.
Dotted boxes and lines represent predator-prey
relationships for which only tentative information is
available,

Planktivorous fish consumed about 10% of the
zooplankton production. Smelt had the highest
production (130 kghalyear!) of all fish species.
Piscivorous fish and birds utilized 77% of this
production. Perch had the highest production of the
piscivorous fish (13.9 kghalyear?).

Fish predation by birds occurs all over the lake,
but is especially prominent in the neighborhood of
resting places or colonies. On an annual basis,
cormorants consume about 22, gulls and terns 14,
mergansers 7 and grebes 6 kgha! of fish. Smelt, ruffe
and small perch are important prey for most bird
species. Cormorants take larger prey as well, such as
adult perch and roach. Although in low abundance
(0.01 kgha'), red-breasted mergansers (Mergus
serrator) consumed the largest amount of eel (0.7
kghalyear?!). However, the overall consumption of
eels by birds nowadays is very small, and eels formed
less than 1% of the diet (i.e., 0.1 kghal year?).

The impact of the fishery consisted mainly of
removing large piscivorous eel, perch and pikeperch.
The fyke net fishery for spawning smelt is found to be

Table 1. Biomass, production and consumption estimates of the major components of the various trophic levels in the IJsselmeer
ecosystem. Biomass data are in kg-ww-ha’!; production and consumption data are in kg-wwhalyear.

. Group Scientific name Code Biomass Production Consumption
Algae AL 1,928 98,521 -
Zooplankton Z0o 181 5,723 -
Smelt Osmerus eperlanus SM 66.1 129.8 1,298.0
Ruffe Gymnocephalus cernua RU 9.3 8.9 -
Roach Rutilus rutilus RO 15.0 9.0 -
Bream Abramis brama BR 9.5 31 -
Nonpiscivorous eel Anguilla anguilla N-EEL 9.6 2.9 -
Piscivorous eel P-EEL 24 0.7 35
Nonpiscivorous perch Perca fluviatilis N-PE 2.5 5.3 52.7
Piscivorous perch P-PE 14.6 139 67.6
Pikeperch Stizostedion lucioperca PP 2.0 2.0 10.2
Herring gull Larus argentatus HG 0.0165 - 1.5
Black-headed gull Larus ridibundus BHG 0.0715 - 10.1
Greater black-

backed gull Larus marinus GBG 0.0071 - 04
Little gull Larus minitus LG 0.0010 - 0.2
Common gull Larus canus CcG 0.0019 - 0.2
Common tern Sterna hirundo CTE 0.0041 - 0.7
Black tern Chlidonias niger BTE 0.0053 - 1.1
Great-crested grebe Podiceps cristatus GR 0.0618 - 5.7
Goosander Mergus merganser GO 0.0651 - 5.6
Red-breasted

merganser Mergus serrator REM 0.0113 - 11
Smew Mergus albellus S 0.0084 - 1.0
Cormorant Phalacrocorax carbo COR 0.2918 - 20.7
Fishery - 23.2
Total - 1,503.4
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Table 2. Diet compositions (kg-hal-yearV for some of the groups in the IJsselmeer ecosystem. Diets of consumer not included here have not been
quantified. (ZO=Zooplankton; CH=chironomids; GA=Gammarus spp.; NE=Neomysis integer).

Prey

Predator Z0o CH GA NE SM RU RO BR N-EEL P-EEL N-PE P-PE PP
Fish

Smelt SM  1,298.0 . . - - . . . - - - ; .

Piscivorous eel P-EEL - - - - 3.5 - - - - - - - -

Nonpiscivorous perch N-PE 24.2 3.7 12.6 12.1 - - - - - - - - -

Piscivorous perch P-PE - - - - 58.5 9.1 - - - - - - -

Pike perch PP - - - 8.9 1.0 0.1 0.1 - - 0.1 - -
Birds

Herring gull HG - - - - - 04 05 03 - - 04 - -

Black-headed gull BHG - - - - 8.1 1.0 - - - - 1.0 - -

Greater black-

backed gull GBG - - - - 0.0 0.2 0.2 - - 0.0 - -

Little gull LG - - - - 0.2 - - - - - - - -

Common gull cG - - - - 0.1 0.0 - 0.0 - - 0.0 - -

Common tern CTE - - - - 0.6 0.0 - - - - 0.1 - -

Black tern - - - 11 0.0 - - - - 0.0 - -

Great-crested grebe  GR - - - - 4.6 0.6 01 0.1 - - 0.3 0.1 -

Goosander GO - - - - 2.7 0.6 15 - - - 0.7 0.1 -

Red-breasted

merganser REM - - - 0.3 0.0 0.0 - 0.7 - 0.0 - -

Smew S - - - - 0.9 0.1 0.0 - - - - - -

Cormorant COR - - - - 1.7 84 31 - 0.1 0.1 7.3 - -
Fishery - - - - 9.0 - 18 3.9 1.0 3.0 - 35 1.0
Total 1.322.2 3.7 126 121 1002 21.2 7.2 4.6 18 3.1 9.9 3.7 1.0
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Fig. 2. Biomass and consumption of the major
components of the various trophic levels in the
IJsselmeer ecosystem. Solid boxes and lines are
quantified estimates. The size of the boxes and
the thickness of the lines depict the amount of

biomass or consumption by a certain component.
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of minor importance compared to the consumption by
perch and birds.

No information is yet available for biomass,
production and consumption of macrofauna (Dreissena
polymorpha, Gammarus tigrinus, Neomysis integer,
chironomids and oligochaetes) and macrofauna-eating
birds (tufted duck {Aythya fuligula], scaup duck [A.
marilal, pochard [A. ferinal, goldeneye [Bucephala
clangula) and coot [Fulicaatra]). These transfer routes,
which are thought to be of great importance, will have
to be quantified later.

Conclusion

e Smeltisakeyspeciesinthe IJsselmeer ecosystem:
it is the main consumer of zooplankton (1,298 kg
ha year!) and the main food source (42%) for fish-
eating birds. Smelt is also the main prey species
for the commercially important eel, perch and
pikeperch. Management strategies should take
this into consideration.

¢ Perchisthemostimportantpiscivorous fish species
and cormorants are the most important fish-
eatingbirds, based on the amount of fish consumed.

o Fish biomass may be underestimated, since trawl
efficiency was assumed to be 100%. (Comparison
of trawl survey indices and cohort analysis of the
commercial catch of perch and pikeperch did not
show an underestimation by the survey indices.
However, this maybe due tothe fact that sampling
is carried out at places where fish biomasses are
high).

e This study was meant as an interdisciplinary
approach, and quantified production and
consumption in the same units (wwkghalyear?).

This gave an overview of which information is
available and what important information is still
lacking.

* Although the data presented here did not lead to
a detailed, complete foodweb, they nevertheless
scaled some problems (cormorants are not the
most important predators of eel and the fishery is
not the most important cause of smelt mortality)
to a level which appears more realistic than
previously assumed.
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Abstract

An attempt is made to model the eutrophic ecosystem of Lake Aydat in the Massif Central, France, with
emphasis on the two dominant fish species, perch (Perca fluviatilis) and roach (Rutilus rutilus). The preliminary
model raises interesting questions of trophic efficiencies and food chain structure. A better understanding of the
functioning of the ecosystem has been reached with this model, which includes some extraordinarily long food

chains (of up to nine trophic levels).

Introduction

In response to the challenge posed and the
opportunity offered by the ECOPATH II model of
Christensen and Pauly (this vol.), an attempt is
presented here to model the Lake Aydat, Massif
Central, France.

Lake Aydat is classified as a eutrophic dimictic
lake (Millerioux 1976) and is located in the Parc
Régional des Volcans d’Auvergne in the Puy de
Dome region in the Massif Central in France. Fig. 1
shows thelake outline and provides various statistics
on Lake Aydat.

This lake has been the object of numerous
studies, especially by the Freshwater Hydrobiology
team of the Zoology-Protistology Laboratory,
Université Blaise Pascal, Clermont-Ferrand; the

95

bulk of which focused on estimation of planktonic
and bacterioplanktonic biomass. Studies of the fish
populations in the lake are scarce. However, a
recent study conducted by Jamet et al. (1990) on the
diel feeding cycle of roach adults and roach fry
population (Reyes-Marchant et al. 1992) in Lake
Aydat helped to identify these populations' feeding
habits. A recent thesis by Jamet (1991) discusses
the ecology and biology of Lake Aydat fishes, but
was completed too late to be considered when
developing the model presented below (but see
Postscript).

There is no continuous fishery in Lake Aydat,
only some occasional sports fishers. Their catches
remain largely undocumented but can be assumed
to be insignificant. No information is available on
the benthic populations.
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Fig.1.Lake Aydat, Puy-de-Déme, Massif Central, France, showing
depth isolines, in m (adapted from Aleya et al. 1988).

Materials and Methods

As the ECOPATH II approach is discussed in
more detail in Christensen and Pauly (this vol.),
only the balanced equation used in ECOPATH 11 for
each “box” is recalled here, i.e.,

B, * P/B,* EE, = ), (B, * Q/B, * DC,) * EX,

where B, isthe biomass of speciesi; P/B, its production/
biomass ratio; EE, its ecotrophic efficiency, i.e., the
proportion of the production thatis used for predation
or catches; and where B. is the biomass of predator
B ngB its relative food consumption and DC; the
fraction of species i in the diet of predator j.

In order to work with this model, an estimate of
at least three of the four parameters should be
available for each box, along with the diet
composition. The following sections describe how
these parameters were assembled for Lake Aydat.

Biomass Estimates
PRODUCERS

The phytoplanktonic populations of Lake Aydat
arewell-studied. Throughout the year, this eutrophic
lake experiences three maxima of phytoplanktonic
biomass, three of zooplanktonic biomass and three
periods of increased water transparency, which
follow the increases in zooplanktonicbiomass (Aleya
and Devaux 1989; Lair and Ayadi 1989). This

suggests that grazing by zooplankton controls algal
succession in the lake.

Aleyaet al. (1988) investigated the 0-4 m zone of
the lake and estimated an annual mean
phytoplankton production of 78 mgCm2hour.
They also gave a mean annual top layer biomass
estimate of 6.95 mgl1! (= 47.8 gm2). In a related
study, Aleya and Devaux (1989) reported biovolumes
for sizes of <12 um at 0.12 mg1-! at the surface (1 m)
and cholorophyll a concentrations of 22.5 pugl! at
the bottom.

The production of benthic producers is not
known. Therefore it is assumed that benthic primary
production dominates the 0-1 m zone of the lake and
that the production per unit area is similar for
phytoplankton and benthic producers. As 37% of
the area is in the 0-4 m zone (see Fig. 1), it is
estimated that 9.25% is in the 0-1 m zone. Total
benthic production can then be estimated as 1,378
gm?Zyearl,

The benthic producers include larger plants
which are hardly used for consumption along with
small groups such as diatoms and cyanophytic algae
which are important in the diet of fishes (Jamet et
al. 1990; Reyes-Marchant et al. 1992). A P/B ratio of
10 is therefore assumed for benthic producers, i.e.,
is a mean value taking into account the fast turnover
rates of small organisms and the relatively lower
turnover rates of leafy plants and grasses.

BACTERIOPLANKTON

Lair and Oulad Ali (1990) and Lair (1991, 1992)
suggested that, in Lake Aydat, the considerable
bacterioplankton biomass (free bacteria plus bacteria
attached todetritus)inthe 4-7 mzone is an important
source of zooplankton food. Moreover, Marvalin et
al. (1989) showed that bacterioplankton is not only
found in the 4-7 m depth zone and reported (i) 0.08
mg-C1! at 2 m, (ii) 0.1 mgC1! at 7 m and (iii) 0.09
mgCl1at 14 m. Thisleads to a mean biomass of .09
mg-C1L. If a conversion factor from carbon to wet
weight of 12is assumed, then the mean wet bacterio-
planktonic biomass is 1.08 mg1! or 7.42 gm™.

ZOOPLANKTON

Lair (1990) estimated zooplankton biomasses in
1984-1985. Her data led to annual mean biomasses
of (i) rotifer: 2,905 mgm3 (20 gm), (ii) copepod:
3,250 mgm (22 gm2) and (iii) cladoceran: 2,130
mgm3 (15 gm™?). If rotifers and cladocerans are
considered to be herbivorous/detritivorous feeders
and copepods carnivorous feeders (Lair and Hilal
1992), then the total biomass of herbivorous
zooplankton in Lake Aydat is 85 gm and that of
carnivorous zooplankton is 22 gm-2.



Relative Production and Food Consumption

PHYTOPLANKTON

Aleya and Devaux (1989) estimated P/B ratios
of phytoplankton using different methods. Using
cell counts, estimated annual P/B ratios were (i)
0.055 hour™! (482 year); (ii) using chlorophyll a,
0.035 hour! (307 year)). The latter estimate was
used in the model presented below.

BACTERIOPLANKTON

The P/B ratio for bacterioplankton was obtained
from Jorgensen (1979, Table A174) where a mean
value of 0.45 day-! (about 160 yearl) was reported
for the “southern seas of the USSR”. Assuming a
gross efficiency of 50%, Q/B was set at 320 yearl,

ZOOPLANKTON

Herbivorous zooplankton P/B values listed in
Jorgensen (1979, Table A469) were averaged to
obtain an annual ratio of 16 yearl. Only one estimate
was given for predatory zooplankton (P/B = 5
yearl). A GE value assumed at 25% led to an
estimate of Q/B = 20 year! for the predatory
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zooplankton. There is no available estimate for
herbivorous zooplankton; therefore, a gross
efficiency value of 30% was used which sets Q/B at
53 year.

INSECTS AND MOLLUSCS

Thereis no available informationin the literature
onthe benthic populations in Lake Aydat. However,
Jorgensen (1979, Table A269) lists P/B ratios for
several species of invertebrates including some that
occur in Lake Aydat. Thus, P/B values for Asellus,
Chaoborus, Chironomus, Gammarus and
miscellaneous annelids, coelenterates and molluscs
were averaged to give a mean value of 3 yearl.
Assuming a gross efficiency of close to 30%, Q/B can
be set at 11 year,

FISH POPULATIONS

There is no regular fishery in Lake Aydat and
thus, P/B was here set equal to natural mortality
(M), as obtained from the empirical formula of
Pauly (1980) and the growth parameter estimates
listed in Table 1. The M estimates were adjusted
downward in cases where the gross efficiency
estimates reached 30% or more.

Table 1. Growth parameters, mortality, condition factors, aspect ratios and food types for five fish species considered in the Lake Aydat
model. These parameters were averaged for each species and used in the food consumption model of Palomares and Pauly (1989) to obtain
estimates of Q/B. Mean environmental temperature used was 12.2°C; “A” is the caudal fin aspect ratio; and “F” refers to the food type

used in that model.

Area (sex) L. K Sources/remarks
Species (cm TL) (year?) 'Y
Pike Windermere (M) 75.0 0.238 3.127 Johnson (1966)
(Esox lucius) Windermere (F) 100.0 0.264 3.422
Wisconsin 93.3 "0.310 3431
Aral Lake 80.6 0.204 3.122
Peipus Lake (M) 64.4 0332 3139 E:S“;fi’ &Qﬁﬁolsk (1957
Peipus Lake (F) 97.5 0.208 3.296 Y
Chany Lake (M) 106.0 0.123 3.141
Chany Lake (F) 141.0 0.097 3.285
Schlei-Fjord 106.0 0.248 3.445 Nauen (1984)
MEANS: 96.0 0.201 3.268 t,=-0.61; M = 0.312; A = 3.39;
F = piscivore; Q/B(year?) = 1.179;
condition factor (a = 0.009276)
computed from data in Muus and
Dahlstrom (1973), i.e., 455 g/32.5 cm,
6,500 g/95 ¢cm, b = 3.
Sander Kuban River 85.6 0.238 3.242
(Lucioperca lucioperca) Don River 86.0 0.168 3.094
Aral Lake 79.5 0.204 3.110 Pauly (1978), based on Nikolsky (1957)
II'men Lake 104.0 0.129 3.145
Southern Caspian 40.0 0.333 2.727
Schlei-Fjord 79.2 0.216 3.132 Nauen (1984)
MEANS: 79.0 0.190 3.075 t,=-0.683; M =0.317; A = 1.69;

F = piscivore; Q/B(year™) = 0.933;
condition factor (a = 0.008957)
computed from data in Muus and
Dahlstrom (1973), i.e., 1,000 g/45.5 cm,
12,000 g/120 cm, b = 3.

continued
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Table 1 continued

Area (sex) L, K Sources/remarks
Species (cm TL) (year?) Y
Perch Aral Lake 23.3 0.405 2.342 Pauly (1978), based on Nikolsky (1957)
(Perca fluviatilis) Petschora 38.0 0.124 2.253
Sweden 30.0 0.200 2.255 Alm (1952)
34.0 0.130 2.177 Alm (1952)
Orava Reservoir 41.9 0.123 2.334
36.9 0.119 2.210 Pauly (1978), based on Nikolsky (1957)
29.3 0.354 2.483
Schlei-Fjord 50.0 0.172 2.633 Nauen (1984)
50.9 0.120 2.493
Lake Aydat 31.8 0.161 2.212
MEANS: 36.6 0.163 2.339 t,=-0.989; M = 0.356; A = 1.69;
F = piscivore; @/B(year!) = 0.933;
length-weight relation W = 0.008618
L3171,
Pope Lake Aydat 15.0 0.306 1.838 Nonlinear fitting, setting L_, =L _
(Acerina cernua) and using length-at-age data
obtained by scale reading
25.0 0.055 1.535 Nonlinear fitting, setting L, . =L
from Terofal (1984) and
using length-at-age data from scale
readings.
MEANS: 20.0 0.121 1.687 t,=-1.592; M = 0.348; A = 0.85;
F = omnivore; Q/B(year!) = 2.578;
length-weight relation W = 0.003372
12705,
Roach Tjeukemeer 20.7 0.231 1.993
(Rutilus rutilus)
Rostherne Mere 28 0.707 2.526 Nonlinear fitting, using data in Kempe (1962),
Malaren 314 0.146 2159 Goldspink (1978, 1979) and Larsson (1980)
Sévdeborgssjon 30.8 0.068 1.811
Volvi 328 0.076 1.913 Nonlinear fitting, using data
in Papageorgiou (1979)
Halmsion 18.9 0.158 1.752 Nonlinear fitting, as cited
in Goldspink (1979)
Petschora 425 0.080 2.160
II'men Lake 26.2 0.180 2.092 .
Aral Lake 513 0.101 2495 Pauly (1978), based on Nikolsky (1957)
Don River 355 0.173 2.338
Lake Aydat 25.0 0.900 2.750 L/F data analyzed with ELEFAN 1.
53.3 0.128 2.561 Based on L/F data analyzed with
Bhattacharya’s method.
30.0 0.147 2.122 Nonlinear fitting of length-at-age
data from scale readings.
MEANS: 32.3 0.152 2.200 t,=-1.592; M = 0.353; A= 1.48;

F = omnivore; Q/B(year!) = 2.408;

mean weights were obtained from

three length-weight relationships:

A) W = 0.03954L.2883 (Piynicka 1975)

B) W = 0.0356L%405 males
(Papageorgiou 1979)

C) W = 0.0215L36% females
(Papageorgiou 1979)




Table 3. Diet composition (%) of the species/groups considered in the ECOPATH II model of Lake Aydat. Group 9 is benthic producers, 10

The Q/B estimates were obtained from the
empirical formula of Palomares and Pauly (1989),
except for roach. Several estimates of daily ration
were obtained from independent sources (Table 2)
and turned, using the model of Pauly (1986), into
estimates of Q/B. An annual Q/B value of 29.3 was
estimated for roach fry by integrating between W _ =

Table 2. Daily ration estimates as percentage of body weight for
adult roach (natural populations) used in the estimation of Q/B
with the integration method of Pauly (1986).
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composition of the different species/groups. This
information was mostly obtained from the literature.
Note that the diet composition of the top predator
box is based on the diet of pike while the perch/pope
box is based on the diet of perch.

Table 4 shows input data by group for the Lake
Aydat ecosystem.

Results and Discussion

Fig. 2 illustrates the ECOPATH II box model
obtained for Lake Aydat in the mid-1980s. Assuming

W (g Rd % BWD T (°C) Source a pike/sander biomass of 1 gm?, the perch/pope
biomass could reach 3.3 gm™ and the total roach

20 4.00 14 Persson (1982) biomass a level of 0.62 g'm2.
46 1.09 Persson (1983) The ecotrophic efﬁciepcies estimated by
ECOPATH II for pike, zooplankton,
66 1.02 Persson (1983) bacterioplankton and phytoplankton appear

0.001gand W _=1.4g, based on the assumption
that 0+ roach can reach a maximum length of 5 cm
(about 1.5 g). A value of Q/B = 9.21 year! was
estimated for adult fishes by integrating between
W, =1gand W___=90% of W_. The final estimates
used in the ECOPATH II model were the means of
the estimates obtained as described above and those
listedin Table 1(i.e., based on the empirical formula
of Palomares and Pauly (1989)).

Ecotrophic Efficiencies
and Diet Compositions

Ecotrophicefficiencies were set at 0.95 for perch,
roach and benthos. Table 3 presents the diet

phytoplankton and 11 detritus.

reasonable. The low EE value of 0.037 for the top
predator box implies that most of this group’s
production ends up as detritus when these fishes
die of old age. Had the occasional catches taken by
anglers been included, the EE would have been
higher.

The phytoplankton EE of 0.16 is, as expected,
relatively low. Blooms were observed to occur prior
to zooplankton biomass maxima (Lair and Ayadi
1989). During these periods, supply exceeds demand.
With a fast turnover rate, much of this excess
production dies to become detritus. However, the
remaining phytoplankton is consumed by the
subsequently increasing zooplankton population.
As pointed out by Lair and Ayadi (1989), the
phytoplankton biomass of Lake Aydat is largely
controlled by zooplankton grazing and thus periods
of clear waters (i.e., low abundance of phytoplankton)
occur after zooplankton blooms. As expected, a very

Prey
Predator 1 2 3 4 5 6 7 8 9 10 11 Sources
1. Pike/sander 1.0 359 35.0 20.0 8.1 - - - - - Bregazzi and Kennedy
(1980), Diana (1979)
2. Perch/pope 13.0 3.6 71 64.3 4.0 3.6 - - 44 Persson (1986),
Eie and Bérgstrom (1981),
Thorpe (1972-1973)
3. Roach adults - - - 0.1 39.3 135 3.6 0.4 24.2 7.0 119 Weatherly (1987)
4. Roach fry - - - - 17.0 61.9 10.0 2.0 0.1 9.0 - Eie and Bérgstrém (1981)
5. Insects/molluscs - - - - - 10.0 20.0 40.0 10.0 10.0 10.0 Assumed
6. Predatory
zooplankton - - - - - 10.0 29.0 20.0 - 40.0 1.0 Assumed
7. Herbivorous
zooplankton - - - - - - - 20.0 . 75.0 5.0 Assumed
8. Bacterioplankton - - - - - - - - - 40.0 60.0 Assumed
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Fig. 2. A quantitative representation of the trophic interaction in Lake Aydat, France. All flows are expressed in gm-“%year!, while

biomasses (B) are in gm2.

Table 4. Selected input for (without brackets) and output (with brackets) for data from the steady-

state model of Lake Aydat.

Group Trophic level  Biomass P/B QB EE
(gm?) (year?) (yearl)
Pike/sander 4.4) 1.0 0.3 1.1 (0.04)
Perch/pope 3.9 3.3) 0.4 2.0 0.95
Roach adults 3.0 0.5) 1.3 58 0.95
Roach fry (3.5) 0.1) 6.0 22.4 0.95
Insects/molluscs (2.8) 2.1 3.0 11.0 0.95
Predatory zooplankton 2.7 22.0 5.0 20.0 0.44)
Herbivorous zooplankton (2.2) 35.0 16.0 53.0 (0.24)
Bacterioplankton (2.0) 74 160.0 320.0 (0.40)
Phytoplankton (1.0) 48.0 307.0 0.0 (0.16)
Benthic producers 1.0$) 137.0 10.0 0.0 0.13)
Detritus 1.0) 5.0 - - 0.10)

low EE was estimated for benthic producers, which
are hardly fed upon. Consumption of “live” matter
was limited to diatoms and blue-green algae which
form a relatively small proportion of the biomass of
the benthic producers (although not of their
production). This is in accordance with findings for
many other systems reported in this volume.

When the food source is depleted, it is possible
that zooplankton dies (to become detritus) before
they can be exploited by the roach population which
builds up around the same time. However, the total
roach biomass as estimated by ECOPATH II does
not seem large enough to be able to deplete its
zooplankton food source. Thus the relatively low EE
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Table 5. Result of trophic aggregation of the flows (zm?year)in the Lake Aydat ecosystem, showing how flows are distributed by trophic
levels. The bottom line gives the trophic transfer efficiencies estimated as the percentage of the flows on a trophic level that is either

harvested or transferred to the next trophic level.

Absolute flows by trophic level

Group I I II1 v \' VI VI
Pike/sander - - 0.3 04 043 0.08 0.01
Perch/pope - 0.3 2.0 34 0.76 0.07 0.00
Roach adults - 1.3 0.6 0.9 0.13 0.01 -
Roach fry - 0.3 12 11 0.15 0.00 -
Insects/molluscs - 6.9 13.9 2.0 0.15 - -
Predatory zooplankton - 200 211 28.4 - - -
Herbivorous zooplankton - 1,484 371 - - - -
Bacterioplankton - 2,368 - - - - -
Benthic producers 14,736 - - - - -
Phytoplankton 1,370 - - -
Detritus 15,731 - - - - - B
Total flow 31,837 4,061 600 36.2 1.61 0.16 0.01
Transfer efficiencies (%) - 14.3 5.7 46 9.9 45 1.2

values 0f0.44 and 0.24 for predatory and herbivorous
zooplankton, respectively, are as could be expected.

The diet compositions for the fish species are
based on various published sources. Some very long
food chains seem to exist in the system, e.g.,
detritus— bacterioplankton — herbivorous
zooplankton — predatory zooplankton — insects/
molluscs — roach fry — roach adults — perch/pope
— pike/sander, including a total of nine trophic
levels. Such long food chains are very rare in system
descriptions (see other contributions in this volume).
One reason for this could be that long food chains
are inherently unstable; they often include chain-
links with very small flows, and these are probably
rather vulnerable. As a result of the long food
chains, numerous trophic levels appear when
performing a trophic aggregation of the flows in the
system using the method described by Christensen
and Pauly (1992). The result of the trophic
aggregation is shown in Table 5 along with the
trophic transfer efficiencies by trophic level. These
can be seen to vary considerably without any
consistent pattern. Interesting is that the low
efficiency on trophiclevel IV is caused mainly by the
low utilization of predatory zooplankton in the
system (EE = 0.44).

The present analysis has been initiated in an
attempt to gather available information from Lake
Aydat and to put this into context. We find that the

Postscript (June 1993)

Following completion of the model presented
above, one of us (PRM) constructed a revised model
in which the catch samples in Jamet (1991) were
used to adjust (= reduce) the biomass of pike and
sander relative to that of adult roach. Also, the
absolute biomass of juvenile roach wasreestimated.
As both models of Lake Aydat were constructed
from the "topdown," this results in a smaller system
throughput for the new model and alower estimated
primary production (Reyes-Marchant 1993). The
input data for both the original and revised models

are included in the files documented in Appendix 4.
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Abstract

Data collected over more than 20 years at the Kinneret Limnological Laboratory were used in an ECOPATH
IT model of the Lake Kinneret ecosystem, Israel. For this system, very reliable and detailed estimates were
available for the biomass and production of phytoplankton and zooplankton and the diet and catches of the main
fish species. Recent studies at the Kinneret Laboratory have produced estimates for biomass and production for
bacteria and protozoa, allowing these ecosystem components to be included. Among the most important results:
(1) the bacterial loop consumes nearly half of the primary production (as detritus); (2) predatory copepods
consume at least 4 times more herbivorous zooplankton than do fish, and (3) about 90% of the zooplankton is

consumed, so fish populations cannot be much larger than we have estimated these to be.

Introduction

Lake Kinneretis a warm monomicticlakelocated
in the northern end of the Jordan Valley, an
extension of the Great African Rift Valley. The lake
is 22 km wide, 14 km long, and has a surface area of
168 km? When the lake is full (at 209 m below sea
level), it has a volume of 4 x 10° m3, a mean depth of
24 m and a maximum depth of 42 m. The lake is
strongly stratified from April-May to December,
and completely homothermic between December
and February.

Since the lake is Israel’s only major freshwater
body, it is important for tourism and commercial
fishing in addition to its critical importance as a
source of drinking water. The Kinneret Limnological
Laboratory (KLL)was established in 1968 to provide
thescientificinformation necessary for management
of these sometimes conflicting uses. Thus, there
exists an extensive data collection which can be
used as input for modelling efforts.

Using a box model of the Kinneret ecosystem,
Serruya et al. (1980) described the main pathways
of carbon flow and emphasized the importance of

two distinct food chains: a nanoplankton-
zooplankton-lavnun (the cyprinid fish Mirogrex
terraesanctae, sometimes referred to as the Kinneret
sardine) pathway and a Peridinium-detritus
pathway. Both pathways operate during the winter-
spring season when net production of organic carbon
is positive. During the summer only the grazing
pathway is active, and since respiration costs are
high, the organic carbon accumulated during the
winter-spring is consumed.

During the 10 years that have passed since the
modelling effort of Serruya et al., there have been
some major changesin thelake system. Forexample,
fish stocking practices have been changed and
tourism hasincreased. Therehave alsobeen changes
in some of the ecosystem components. Although the
structure of the ECOPATH II model is somewhat
different from the model used by Serruya et al.,
comparison of the results of the two models should
shed some light on ecosystem changes which may
have occurred during the last 10 years. In addition,
the application of the ECOPATH Il model to a large
number of ecosystems provides a unique opportunity
for comparison.
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Fig. 1. Food web of Lake Kinneret, Israel. Flows are expressed in g wet weightm2year. For each ecosystem component the biomass (B)

is given in g wet weightm2,

Methods

ECOPATH 1I (version 2.1), a modified version
(Christensen and Pauly 1992) of the ECOPATH
model of Polovina (1984) was applied to Lake
Kinneret. Although thereis a strong seasonal effect
on the structure of the ecosystem, data were
averaged to obtain annual means. This is most
problematic with the phytoplankton, asthe dynamics
ofthe Peridinium population differ completely from
those of the nanoplankton species.

Throughout, units of g wet weightm? were
used for biomasses and gwwm?year! for rates.
Default values for non-assimulated food (20%) were
used for all components except for bacteria, which
were assumed to release only 10% of the detritus
ingested in a form which could be used by other
bacteria, and for herbivorous zooplankton for which a
value 0f40% was assumed. For bacteria the respiration
losses were taken as 40% of ingested food (Cavariet al.
1978). The source of the numbers used for biomass,

P/B, Q/B, and gross efficiencies (Table 1) will be
discussed below for each ecosystem component.

Phytoplankton

Biomass estimates and P/B ratios were based on
microscopically obtained biovolumes and C-14
incubations. Data were taken from annual reports
of the KLL. Measured primary production is
approximately 6,500 gm?2year.

Bacterioplankton

Recent studies of this component provide good
estimates of biomass and production. Bacteria
numbers range from 7 x 105 mi! to 3 x 107 ml-! with
normal numbers around 1x10°mi"!. Productionrates
have been estimated from thymidine uptake. We
use a biomass of 7.0 gm and a conservative P/B of
212 year! (T. Berman, unpublished data). Gross
efficiency was assumed to be 50%.
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Table 1. Input values and calculated parameters (in brackets) for the ECOPATH II model.

Export Biomass P/B Eff. EE
Group (gmZyear!)) (gm?) (year?!) (year?)
1. Bacteria - 7.0 212.0 (424.0) 0.50 0.97)
2. Protozoa - 4.0 300.0 (600.0) 0.50 (0.88)
3. Herb. zooplankton 2.7 274 54.0 280.0 0.19 (0.96)
4. Carn. zooplankton - 3.2 35.0 300.0 0.12 (0.80)
5. Lavnun 6.0 20.0 0.9 11.6 (0.08) (0.38)
6. Tilapias 2.5 10.0 15 24.6 (0.06) (0.18)
7. Silver carp 0.3 0.6 1.2) 12.1 0.10 (0.41)
8. Mullet 0.5 1.0 0.6) 5.9 0.10 (0.85)
9. Barbels 04 0.9 0.6) 6.1 0.10 0.73)
10. Piscivores 0.2 0.5 0.5) 3.3 (0.15) 0.80
11. Benthos - 5.0 5.0 (25.0) 0.20 (0.94)
12. Phytoplankton 75 65.0 100.0 0 - (0.76)
13. Benthic prod. - 5.0 16.0 0 - (0.95)
14. Detritus 1,034.6 75.0 - - - (0.84)
Protozoans invertebrates. In the absence of recent work on the

The abundance and importance of protozoans
have been emphasized in recent research at the
KLL. Average biomass was estimated as 4 gm2and
P/B at 300 year!. Work has also been done on the
grazing rates of these organisms, but not enough to
obtain a reliable estimate of the relative food
consumption by the population, Q/B. Instead, we
assumed gross efficiency to be 50%, resulting in a
Q/B of 600 year!.

Zooplankton

Detailed information on the abundance of
zooplankton is available from monthly sampling.
The zooplankton standing stocks have continuously
declined during the past 10 years, reaching levels of
less than 50% of those observed in the early 1970s
(Gophen et al. 1990). For use in the ECOPATH II
model, we chose slightly higher biomasses than
those observed in 1989. Q/B ratios were obtained
from feeding experiments (for example, Gophen
1981), and P/B ratios were calculated from rates of
egg production (for methods, see Gophen 1978).

Benthos

The benthos of Lake Kinneret is not well
developed. Benthic flora is restricted to a narrow
nearshore strip, in part because the lake has
relatively steep sides and few shallows. Development
of macrophytesisrestricted by unsuitable substrate
and vigorous wave action. The anaerobic
hypolimnion and unfavorable sedimentation regime
prevent development of a large biomass of benthic

benthic populations, we rely on the work of Dor
(1970) and Por and Eitan (1970) for estimates of the
biomass and P/B ratio for these groups. Gross
efficiency (P/Q) was set at 20%.

Fish

Data on the catches of Lake Kinneret fish are
published annually by the Fishery Department
(Golani 1980-89). However, there are few published
estimates of the size of the fish stocks. The biomass
of lavnun (Mirogrex terraesanctae) was estimated
as approximately 2,500t from hydroacoustic surveys
(Walline et al. 1992), but this estimate does not
include lavnun too small to be recorded by the
acoustic system. We used a value of 3,000 t for the
total biomass of lavnun.

Published values on catch and stock size for St.
Peter’s fish (Sarotherodon galilaeus) for the years
1957-81 (Pisanty et al. 1987) were used to estimate
the stock from catch in later years. An addition of
50% was added as an estimate of the unknown
biomass of noncommercial tilapias. Forlack ofbetter
data, the relation between catch and stock for St.
Peter’s fish was applied to the other commercial fish
species to obtain biomasses. St. Peter’s fish and all
other tilapia-like fish were grouped together as
“tilapias”.

There are few estimates for the basic fisheries
statistics or growth parameters which could assist
in estimating the P/B and Q/B ratios needed in the
model. From catch curve analysis, Landau (1977)
estimated total mortalities (Z = P/B; year) for
lavnun of 0.89 for the years 1974-75 and for St.
Peter’s fish of 1.22-1.84 for the years 1967-77. Using
the equation of Pauly (1980), the natural mortality
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(M) for lavnun was estimated at 0.6 year™. If the
biomass of lavnun in the exploited phase is taken as
2,800 t, and the yield is 962 t (the average catch
1986-89), then F=0.3 year'land Z=M +F = P/B =0.9
yearl. P/B for lavnun was set at 0.9 year?, for
tilapias at 1.5 year'!, while P/B for silver carp,
mullet and barbels was calculated based on an
assumed gross food conversion efficiency (P/Q) of
0.10. For piscivores an assumed ecotrophic efficiency
(EE) of 0.80 was used.

The food consumption of lavnun was
experimentally determined to be 4% of body weight
per day for adults (Gophen and Threlkeld 1989),
equivalent to a Q/B of 15 year! and a gross efficiency
of 6.6%. Zooplankton densities were higher in the
experimental tanks than in the lake, as fresh
zooplankton was added daily. Thus, the consumption
was probably higher than the yearly average. For
lavnun, Q/B can be calculated to be 11.6 year'! (see
Table 2). Thisis slightly lower than the experimental
estimates and probably more realistic and we have
opted to use it for these analyses. Details of
estimation of Q/B for the various fish group are
given in Table 2.

The diets of the main fish species are relatively
well studied (see for example, Gophen and Landau
1977; Spataru and Gophen 1985a, 1985b; Gophen
and Spataru 1989). All fish consume at least some
zooplankton, especially in the summer when
phytoplankton production is low (Table 3).

Results and Discussion

As in the model of Serruya et al. (1980), the
ECOPATH Il model ofthe food web of Lake Kinneret
is characterized by two important pathways: the
phytoplankton-detritus-protozoa pathway and the
phytoplankton-herbivorous-zooplankton-
carnivorous-zooplankton pathway (Fig. 1). Thus, in
a sense the bacterial loop “competes” with higher
trophic levels for primary production.

Import of detritus was set at 600 g'm2year!
(from Serruya et al. 1980). The export of detritus
(the difference in flow into and out of the detritus
box) was calculated to be 1,035 gm?2year,
reasonable for losses to the sediment (which are
thought to be approximately equal to the import of
organic material) and losses through the removal of
water by the pumps of the National Water Carrier.
It seems that the measured production is sufficient
to support the ecosystem.

Carnivorous zooplankton (mainly copepods) are
the main consumers of herbivorous zooplankton
(mainly Cladocera). Fish consume about 12% of the
herbivorous zooplankton production (Table 3). The
results are very sensitive to any cannibalism by
herbivorous zooplankton.

More than 90% of the zooplankton is consumed,
so fish populations cannot be much larger than the
estimates used here. Zooplankton population sizein
recent years has been less than that used in our

Table 2. Input data for calculation of consumption/biomass (Q/B)ratio for fish in Lake Kinneret using the empirical equation
of Palomares and Pauly(1989). A is the caudal fin aspect ratio, Fis the food type (0 for predators, 1for herbivores/detritivores).

Q/B is expressed on an annual basis. Temperature is 23°C.

Group Main species A W_(@ F QB Comments
Lavnun Mirogrex terraesanctae 2.3 150 0 11.6 A based on
Ben-Tuvia (1978)
Tilapias Sarotherodon galilaeus 1.6 750 1 24.6 A based on
Sarotherodon aureus Ben-Tuvia (1978)
Tilapia zillii
Tistramella spp.
Silver carp Hypophthalmichthys - 12.1 From Ruddle and
molitrix Christensen (this vol.)
Mullet - Mugil cephalus 2.55 5,877 0 59 A and W_ from
Mugil capito Palomares (1991)
Barbels Barbus longiceps 1.39 1,000 0 6.1 Ben-Tuvia (1978)
Barbus canis W_ assumed
Piscivores Clarias lazera 1.26 16,000 0 3.3 A from Palomares

(1991, for Clarias
gariepinus), W_ from
Ben-Tuvia (1978)
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Table 3. Diet composition of the species considered in the ECOPATH 11 model of Lake Kinneret. Units are in gww-m=2year?. Items 7,
8,9and 10 have nosignificant predators, and thus donot appear as preyitems; 12is phytoplankton; 13, benthic producers; and 14, detritus.

Prey
Predator 1 2 3 4 5 6 11 12 13 14
1. Bacteria - - - - 2,968.0
2. Protozoa 1,440.0 240.0 - 480.0 - 240.0
3.  Herb. zooplankton - 767.2 383.6 - - - 4,219.6 - 23016
4.  Carn. zooplankton - 48.0 768.0 48.0 - - - 96.0 -
5. Lavnun - - 197.2 34.8 - - - -
6. Tilapias 67.7 6.2 - 19.7 123.0 - 29.5
7.  Silver carp 2.2 04 04 4.0 - 0.4
8. Mullet - - 1.8 0.3 1.8 0.9 0.3 0.9
9. Barbels - - 0.7 0.1 - - 14 1.1 0.8 14
10.  Piscivores - - 0.3 - 0.8 0.2 0.3 - - -
11.  Benthos - - - - - - - 12.5 75.0 375

model. In addition, a large increase in any component
immediately causes a decrease in the detritus
component (due to the respiration costs) forcing a
further increase in primary production or import of
detritus to balance the model.

The most uncertain values used in the model
are those for Q/B. So little is known about the food
requirements of fish in Lake Kinneret that the
model can be of little use in estimating the population
size of those fish that are not well studied.

Summary Statistics

The summary statistics (Table 4) are strongly
affected by twocharacteristics of the Kinneret model:
the lack of piscivory and the inclusion of bacteria in
the model. Because piscivory is unimportant, the
fisheries has a low “mean trophic level” and is
efficient, compared, e.g., to the fisheries in the
South China Sea model (Pauly and Christensen
1993). Inclusion of bacteria and use of the input
primary production to balance the model results in
a total primary production (P p) to total respiration
ratio of 1. A ratio of 1 is consistent with the reported
balance between the input of organic material by

Table 4. Summary statistics for ECOPATH II (Version 2) model of
Lake Kinneret. Flows are in gm2year™, while trophic levels and
gross efficiency are dimensionless.

Sum of all consumption 14,623.3
Sum of all exports 1,054.7
Sum of all respiratory flows 6,125.3
Sum of all flows to detritus 6,613.8
Total system throughput 28,417.1
Sum of all production 10,915.7
The fishery has a mean trophic level 4.07
Its gross efficiency (catch/primary production) is 0.0015

the Jordan River and the loss to the sediments
(Serruya et al. 1980). Without inclusion of the
bacterial loop, this ratio would increase to 1.3-1.4,
similar to that for the French Frigate Shoals system,
but still lower than that reported for the South
China Sea model (Pauly and Christensen 1993).
Thus, the Kinneret ecosystem seems to be relatively
mature sensu Odum (1971).

By contrast, the ratio between P_ and total
biomass is high (44) compared with other systems.
This might be explained by the low biomass of
benthic organisms, which are relatively slow-
growing, and the inclusion of fast-growing bacteria
and protozoa, rather than by lack of system
maturity.

Trophic Aggregation Analysis

The flows in the Lake Kinneret ecosystem can
be distributed on discrete trophic levels using the
routine described by Christensen and Pauly (1992).
The results of this analysis are shown in Table 5
from which the importance of detritus is apparent.
The sinking of a large portion of the Peridinium
bloom and its consumption as detritus by bacteria is
reflected in the high proportion of total flow
originating from detritus. The table also shows the
trophic transfer efficiencies in the system. These
are fairly high (22%) for trophic levels II and III
mainly due to the high efficiencies of bacteria and
protozoa. The efficiencies seem to decrease gradually
as one goes up the trophic levels.

Mixed Trophic Impacts

The trophic impact any of the groups in a
system have on the other groups can be quantified
using an ECOPATH II routine based on input-
output analysis (see Fig. 2). The figure shows some
interesting aspects of the interactions. It appears,
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Fig. 2. Mixed trophic impacts in the Lake Kinneret food web. Positive impacts are shown above the baseline, negative
below. The impacts are relative and comparable between groups.

for instance, that the bacteria have a negative
impact on the fishery. This is because the detritus-
bacteria-protozoa is seen as a competitor to the
pathways leading to the fishes. This is, however, an
artifact as it does not take into account that the
bacteria are fundamental for the other pathways,
not a competitor to them. Interestingly, bacteria is

the only group which is found to have a negative
impact on the fishery. This indicates that there are
no obvious ways toimprove catches based on trophic,
multispecies considerations.

The results emphasize the importance of
carnivorous zooplankton in controlling the
population of herbivorous zooplankton. The effect
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Table 5. Trophic aggregation of flows in the Lake Kinneret ecosystem showing flows (g'm*?year?) by group and trophic
levels. The bottom line gives trophic transfer efficiencies estimated as the percentage of the flows on a trophic level
that is either harvested or transferred to the next trophic levels. The groups are shown in descending order of trophic

level.

Group I I 111 v \' VI VII
Piscivores - - 0.73 0.71 0.15 0.06 0.01
Lavnun - - 180 33.8 16.1 2.06 -
Carn. zooplankton - 101 740 62.0 56.7 - -
Mullet - 2.06 3.38 0.29 0.14 0.02 -
Protozoa - 800 1,600 - - - -
Silver carp - 4.36 2.35 0.36 0.18 0.02 -
Tilapias - 153 80.9 712 5.14 0.36 -
Barbels - 5.40 2.00 0.13 0.06 0.01 -
Herb. zooplankton - 6,864 269 538 - - -
Bacteria - 2,968 - - - - -
Benthos 125 - - - - -
Phytoplankton 6,500 - -

Benthic prod. 80.0 - - - -

Detritus 6,614 - - - - - -
Total 13,194 11,021 2,879 643 78.5 2.53 0.01
Transfer efficiency(%) - 25.2 23.3 12.2 3.6 4.5 4.0

of fish may be mediated through their effect on the
ratio between carnivorous and herbivorous
zooplankton. Changes in the diet composition of fish
are probably of crucial importance in explaining the
decline in zooplankton biomass and these are not
considered in the mixed trophic impact analysis.
This remains a tool for describing the direct and
indirect impacts in a system in steady state.
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Abstract

Lake MalaWwi contains a pelagic ecosystem which is based on a deep euphotic zone (up to 60 m) and medium
primary production (0.7 gC'm2day). A trophic box model has been implemented based mainly on investigations
conducted from 1977 to 1981. The grazer chain in the pelagic system is dominated by one major pathway: via
crustacean zooplankton to a larvae of the lake fly, Chaoborus edulis. Nearly all the primary production is estimated
to pass through this pathway. Minor pathways pass through zooplanktivorous fish of which the most important are
the cyprinid Rastrineobola sardella and a group of haplochromine cichlid species (Cichlidae). The top predators
constitute a small group of species which feed on fish as well as on Chaoborus larvae. The majority of the Chaoborus

production is exported from the lake.

Introduction

Lake Malawi(East-Central Africa, 10-14°S, 471
m above sea level, surface area 30,800 km?2, mean
depth 426 m, maximum depth 758 m, Fig. 1) con-
tains an extensive pelagic ecosystem which in the
central and northern part of the lake is limited
by steep shores
and a permanent
| thermocline at ap-
proximately 250 m
depth (Eccles
1974). The euphotic
zone of the pelagic
ecosystem of Lake
Malawi is deep, up
to 60 m, and the
primary produc-
tionhasbeen meas-
ured to average
0.74 gCm2day!
or 2,710 gwet
weightm? year™.
A sample produc-
tion profile is presented in Fig. 2. The system is
subject to an annual cycle of stratification and a
mixing period of 2-3 months duration. The FAO
Fisheries Expansion Project 1977-82, based in
Nkhata Bay, Malawi, included studies on the trophic
structure of the pelagic ecosystem of the central
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lake. The majority of these studies have been assem-
bled in one volume (Turner 1982a), and supplemen-
tary studies on feeding in the pelagic ecosystem
have been reported separately (Degnbol 1982;
Walczak 1982). Data from these studies have been
analyzed using the ECOPATH II system to prepare
a preliminary model of the trophic structure of the
pelagic part of cen-

tral Lake Malawi.
Op—-—---@ac—-==~- ee.
Materials and chi.a
Methods sl
The present E w0l
studyis mainly based g
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on data collected by
the FAO Fisheries aer
Expansion Projectin
1979-81 (Degnbol 60! o
1982; Degnbol and
Mapila 1982; Rufli
and Vitullo 1982;
Turner 1982b, 1982¢;
Walczak  1982).
Phytoplankton sam-
ples were analyzed
by the Freshwater
Institute, Winnipeg (Hecky and Kling 1987). Detailed
descriptions of materials and methods are found in
these references.

IPP=0.75g Cm2day"!

Fig. 2. Sample primary production
and chlorophyll a profile from the
pelagic zone of central Lake Malawi
(Degnbol and Mapila 1982). The
integrated primary production was
0.75 gm*2day*.
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Data covering the seasonal cycle are available
from a standard station at 360 m depth in the central
lake and from two lakewide surveys.

Primary production was measured using in situ
C-14 incubation in dark and light bottles (Degnbol
and Mapila 1982). Phytoplankton biomass was
obtained from counts and volume estimates (Hecky
and Kling 1987).

Zooplankton was sampled with a 112 micron 30
cm diameter net, with pump and with a 200-1
Schindler trap. Only counts are available, no
consumption or production measurements were made
(Degnbol and Mapila 1982).

Larval Chaoborus edulis (phantom midge larvae;
Fig. 3) were sampled with a 150 micron 70 cm
diameter net. Instars were weighed and counted
and stomachs analyzed for composition of contents
and volume. Food consumption was estimated on
basis of mean stomach contents and stomach
evacuation rates. These were measured through in
situ estimation based on decreasein stomach contents
after cessation of feeding and by experiments. The
analysis was done separately for the four instars
(Degnbol 1982).

The present study includes five fish groups. Two
common fish species from the system are shown on
Fig. 3. Fish biomass and composition were estimated
from purse seine catches applying area fished by

Fig. 3. Three of the main actors in the Lake Mala®i food web,
Rastrineobola sardella (top), a haplochromine cichlid (below) and
a Chaoborus larvae.

seine toraise samples to area (Turner 1982b; Walczak
1982). The seine only covered the top 60 m of the
water column which resulted in some
underestimation of the fish abundances as fish were
found distributed down to the limits of dissolved
oxygen, 220-240 m (Turner 1982).

Food consumption/biomass ratio (Q/B) for fish
was estimated from mean stomach contents and
stomach evacuation rates as estimated in situ from
decrease in stomach contents after cessation of
feeding. This analysis was done by species and size
group (Walczak 1982). The consumption rate
estimate for haplochromine cichlids obtained
through this analysis seems unrealistically low
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(Q/B = 1 year!) and was not used in the present
model. Instead Q/B was estimated based on an
assumed gross food conversion efficiency (i.e.,
production/biomass ratio) of 20%. The Q/B for
Diplotaxodon is probably too low (0.4 year!) but it is
used here as no better estimate is available, and as
it cannot be estimated along with P/B for this group.

Fish catches from the pelagic zone proper are
very small on an area basis as only the nearshore
environment is exploited. There are no fishing
operations in the major parts of the lake which is
more than a couple of kilometers offshore outside
the southern area. Statistics on the landings from
the pelagic proper are incomplete due to the nature
of the fishery, but it can be assumed that less than
one percent of the overall landings of less than 1 g
wwm?Zyear! are from truly pelagic stocks. The
order of magnitude of catches from the pelagic areas
proper can thus be assumed to be less than 0.01 g
wwmZyear!. Due to this insignificant size no
catches have been incorporated in the model.

The ECOPATH Il model (Christensen and Pauly
1992) was used on data from Lake Malawi
supplemented with literature estimates or assumed
values where needed. The model was made on a wet
weight per area basis, and a wet weight to carbon
ratio of 10 was used throughout when data were on
a carbon basis. A value for the production/biomass
ratio (P/B) of zooplankton of 30 year! was used
based on data on a related species of similar size at
similar temperatures (Banse and Mosher 1980).
Ecotrophicefficiency was set at 0.95 for Rastrineobola
sardella and haplochromine cichlids (the primary
zooplankton grazers, subject to predation). A gross
food conversion efficiency of 0.1 has been assumed
for the top predators.

The Q/Bratio for zooplankton has been calculated
to match primary production (EE of phytoplankton
assumed to be 0.95). The diet composition of
zooplankton was not investigated. As zooplankton
are known to consume some dead organic material,
it was arbitrarily assumed that 10% of the diet
consisted of detritus, the rest of phytoplankton.
Input parameters except food composition data are
presented in Table 1. Food composition input data
can be extracted from the flowchart in Fig. 4.

A crustacean zooplankton community dominated
by Diaptomus kraepelini, Mesocyclops leuckarti,
Diaphanosoma exisum and Bosmina longirostris
grazes this production. Predation within the
crustacean zooplankton community has not been
measured and the community is in this context
taken as one ecological entity. The zooplanktivores
are (in sequence of decreasing importance)
Chaoborus edulis larvae, mainly instars 3 and 4,
Engraulicypris edulis (a small cyprinid, now
Rastrineobola), young Rhamphochromis longiceps,
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young Opsaridium microcephalus, Diplotaxodon
pallidorsalis and various species of haplochromine
cichlids. Chaoboruslarvae are preyed upon by several
fish species, mainly O. microcephalus. The main
piscivore predators are O. microcephalus and R.
longiceps.

Chaoborus larvae are removed from the system
by predation and by hatching into adult airborne
midges. Some of these are recycled into the system
as they fall back into the water, others are exported
as they land on shores. The export of Chaoborus has
not been quantified, therefore it is estimated
indirectly in the present model. The ecotrophic
efficiency for Chaoborus is assumed to be around
0.75, indicating that 75% of the production is either
consumed within or exported from the system. This
efficiency was assumed to reflect mortality during
the three larval stages and the metamorphosis. To
obtain an EE = 0.75 the model was run iteratively
with varying values for export. A resulting export of
44 gm2year! was obtained and this estimate was
used in the analysis. Although high, this estimate
does not seem unrealistic noting that sightings of
large clouds of Chaoborus over Lake Malawi are
quite common. Not all of the airborne Chaoborus
exports actually leave the lake area, some reenter
and are consumed or enter the detritus box. This
“import” has not been quantified. It is emphasized
that the estimate for Chaoborus production only
refers to the central part of Lake Malawi, and that
it cannot be extrapolated to the whole lake.

Default values of 80% assimilation rate are
assumed for all groups. Trophic transfer efficiencies
are estimated using a routine of ECOPATH II.

Results

Some results of the ECOPATH modelling are
presented in Table 1 and Fig. 3. The P/B ratio of
phytoplankton is high, 502 year!. Cell counts and
volumetric measurements from samples taken in-
dependently of primary production measurements
have been used for
biomass. If chlorophyll a
measurements made si-
multaneously with the
primary production esti-

ever of little importance as the parameter that is
directly related to the remaining part of the system
- production - has been measured directly.

The Q/B value for zooplankton that is estimated
to give an ecotrophic efficiency for phytoplankton of
0.95 is seen to result in a gross food conversion
efficiency for zooplankton of 0.19 (Table 1). This
estimate seems acceptable.

The system possesses one major grazing pathway:
via zooplankton to Chaoborus larvae. Nearly all
(98%) of the primary production passes through this
pathway. Of the total Chaoborus production only
some 6 g-wwm2year! is grazed by fish, mainly by
Opsaridium. The remainder (here estimated to 7
times Opsaridium consumption) is exported with
the adult Chaoborus.

The total production of fish biomass estimated
amounts to 5 gm2year-l. The major part (3.6 gm2
year!) is composed of the two zooplanktivores
Rastrineobola sardella (Cyprinidae) and
haplochromine cichlids (belonging to the Cichlidae,
a species flock locally called utaka) for which the
production is estimated from predation data. Forthe
remaining fish species, production is based on an
input guess of gross efficiency. Production may well
be double the amount estimated in the model.

Discussion

The model presented gives a coarse synthesis of
some of the data available on the Lake Malawi. The
shortcomings of the analysis are due to both lack of
data and the limitations of the model used.

The limitations in data are: measurements on
the production dynamics of zooplankton are not
available, the role of detritus is not clear, nothing is
known on the importance and role of dissolved
organic matter and the production of Chaoborus is
not measured. In addition, data on fish mortalities
(P/B) and consumption rates (Q/B) are lacking.

The key model limitation is that the model does
not include any size or stage structure. Data on Lake

Table 1. Input values and results of ECOPATH II modelling. The P/B and Q/B gives production/
biomass ratic and consumption/biomass ratio, respectively, both in year!. EE is the ecotrophic
efficiency, i.e., the proportion of the production that is consumed by predators or exported, while GE
is the gross food conversion efficiency (P/Q). Flows are g ww-m2year and bicmass gm2. Inputvalues
are without brackets, while computed estimates biomasses are in brackets.

mates are used as a guide

(assuming approximately Biomass P/B QB EE GE

0.05 mg chlorophyll a per p, © ) L 5.4 501.9 0.0 0.95 :
mgC), the P/Bratioisesti-  g,5,1ankton 18.0 30.0 (159.0) 0.89 (0.19)
mated to be approximately Chaoborus larvae 2.2 (32.0) 213.0 0.75 0.15
300 year!. The main point Engraulicypris 0.9 (3.4 9.6 0.95 (0.36)
hereisthatthe estimate of Haplochromine cichlids 0.7 0.0 3.9 0.95 8?8

. Opsaridium 1.2 0.7 6.6 0.00 .

biomass and thus ofthe P/ p;1o1050d0n 09 0.04) 04 0.00 010
B ratio is inaccurate In Rhamphochromis 3.3 0.2) 2.0 0.00 0.10
either case. This is how- Detritus - - - 0.33 -
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Fig. 4. Trophic box model of the pelagic ecosystem of the central part of Lake Mala®wi. Biomass is given inside boxes.

Units: gwwm?year! (flows) and gm? (biomass).

Malawi key species (biomasses, food composition
and consumption rates) are available on a size basis,
but this information could not be utilized in the
present model. Inclusion of a size or stage structure
would facilitate inclusion of phytoplanktivory by 1st
and 2nd lake-fly instars (Degnbol 1992).

The trophic structure of the pelagic part of the
central Lake Malawiecosystemis presentedin Table
2. Here the distribution of flows by group and trophic
levels are given along with trophic transfer
efficiencies. It is apparent that the trophic transfer
efficiency on trophic level II (herbivores and
detritivores)is rather high (16.9%). One explanation

for this could be heterotrophic production (not
considered here), as already suggested by Hecky et
al. (1981), who found that heterotrophic production
might account for the observed high transfer
efficiency in Lake Tanganyika. Since then, the
production and pathway of dissolved organic matter
have come into focus as an important component in
the trophic ecology of lakes.

For the higher trophic levels the trophic transfer
efficiencies are very low. This can be attributed to
the loss of Chaoborus from the system along with the
lack of exploitation of the fish in the system.

The production estimate of fish biomass (5
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Table 2. Trophic transformation matrix for the central pelagic part of the Lake Malawi ecosystem. The table shows how flows
(gm?year?) are distributed on groups and trophic levels. Mean trophic level by groups and trophic transfer efficiencies are

also given.
Mean
Group trophic I I I v A\
level
Opsaridium 39 - - 1.3 6.7 0.07
Rhamphochromis 3.7 2.1 4.3 0.12
Diplotaxodon 3.3 0 0.2 0.1 0.00
Engraulicypris 31 - 8.1 04 -
Chaoborus 3.0 - - 470.0 - -
Haplochromine cichlids 2.7 - 1 1.3 0.3 -
Zooplankton 2.0 - 2,862 - -
Phytoplankton 1.0 2,710 - - -
Detritus 1.0 881 - -
Total - 3,592 2,863 483.0 11.9 0.19
Trophic transfer
efficiency (%) - - 16.9 2.5 1.6

gm2year!) indicates potential yields of some 2.5
gm2year! or around 0.1% of primary production.
The P/B estimate of Engraulicypris of 3.4 is in the
range of 2.2-5.0 (mean 3.4) estimated for
Engraulicypris in the southern end of Lake Malawi
(Turner 1982c). The mortality estimate is also close
to the value of 3.6 year! obtained from the growth
parameters of Rufli and Vitullo (1982) and the
empirical formula of Pauly (1980). Yet the gross food
conversion efficiency is rather high for the group
(0.36), indicating that the food consumption rate
may be an underestimate.

The fish biomass used in the present model
(based on purse seine nets used for stomach analysis)
is equivalent to 7 gm™. This is comparable to the 9
gm2 found by Rufli and Vitullo (1982) based on
lakewide data and using a combination of echo
integration and purse seining and to 7.5 gm™
estimated from another set of purse seine catches by
Turner (1982b).

Rufli and Vitullo (1982) estimated potential fish
yield from the pelagic zone to be 4.5 gm?year! on
the basis of their biomass estimate, an average
natural mortality based on growth data and the
empirical formula of Pauly (1980) and Gulland’s
(1971) formula with a factor of 0.5. This estimate is
in good accordance with the estimate from the present
model which is based on independent data and a
different approach. It has been suggested that
primary production was unusually high at the time
and in the area from which the primary data for the
present study were sampled. This suggestion is
based on unpublished data from sediment cones
(Magasa 1988, referring to R. Crossley, pers. comm.).
The significance of this possibility cannot be assessed
as a basis of the information available.

The general pattern emerging is that this pelagic

ecosystem of central Lake Malawi produces midge
larvae and midges, not fish - at least at the time of
this investigation. One conclusion which could be
drawn is that it takes more than the age of Lake
Malawi (approximately 10 mio. years) for a cyprinid
to accumulate the skills needed for competitive
zooplankton grazing. Considerations along these
lines coupled with a discussion on the possible
introduction of Lake Tanganyika clupeids (Turner
1982d) has triggered a heated debate on the
introduction of exotic species in Lake Malawi. The
present paperis - just as Turner’s original discussion
-not intended to support a certain standpoint in this
debate. It is just another example of the dilemma
that the presentation of research results may prove
to be equivalent to opening the box of Pandora.
Consequences may pop out which are beyond further
control. But keeping the box closed may also be
questionable.

Acknowledgements

Dr. Villy Christensen provided valuable inputs
concerning the implementation of this model.
Numerous suggestions from which this paper
benefited were received from anonymous reviewers.

References

Banse, K. and S. Mosher. 1980. Adult body mass and annual
production/biomass relationships of field populations. Ecol.
Monogr. 50:355-379.

/Christensen, V. and D. Pauly. 1992. ECOPATH II - a software for

balancing steady-state ecosystem models and calculating
network characteristics. Ecol. Modelling 61:169-185.
Degnbol, P. and S.A. Mapila. 1982. Limnological observations on
the pelagic zone of Lake Mala®i from 1979 to 1981, p. 5-47.In
J. Turner (ed.) Biological studies on the pelagic ecosystem of
Lake Mala®wi. FI:DP/MLW/75/019 Tech. Rep. 1. FAQ, Rome.



Degnbol, P. 1982. Food habits and zooplankton consumption by
larval Chaoborus edulis in Lake Malawi. FI.DP/MLW/75/019
Field Doc. 24. FAO, Rome.

Eccles, D. 1974. An outline of the physical limnology of Lake
Malawi (Lake Nyassa). Limnol. Oceanogr. 19:730-742.
Gulland, J.A. 1971. The fish resources of the ocean. Fishing News

(Books) Ltd., Surrey, England.

Hecky, R.E., E.J. Fee, HJ. Kling and J.W.M. Rudd. 1981.
Relationship between primary production and fish production
in Lake Tanganyika. Trans. Am. Fish. Soc. 110:336-345.

Hecky, R.E. and H.J. Kling. 1987. Phytoplankton ecology of the
greatlakesin therift valleys of Central Africa. Arch. Hydrobiol.
Beih. Ergebn. Limnol. 25:197-228.

Magasa, J.H. 1988. A briefreview of the fish stocks and dependent
fisheries of Lake Malawi, p. 45-52. In D. Lewis (ed.) Predator-
prey relationships, population dynamics and fisheries
productivities of large African lakes. CIFA Occ. Pap. 15. FAO,
Rome.

/Pauly, D. 1980.On theinterrelationships between natural mortality,

growth parameters and mean environmental temperature in
175 fish stocks. J. Cons. CIEM 39:175-192.
Rufli, H. and J.A. Vitullo. 1982. Preliminary estimate of the

115

abundance of pelagic fish stocks in Lake Malawi, p. 138-153.
In J. Turner (ed.) Biological studies on the pelagic ecosystem
of Lake Malawi. FI.DP/MLW/75/019 Tech. Rep. 1. FAO, Rome.

Turner,d., Editor. 1982a. Biological studies on the pelagicecosytem
of Lake Malawi. F1:DP/MLW/75/019 Tech. Rep. 1. FAO, Rome.

Turner, J. 1982b. Analysis of purse seine and gillnet catch data off
Nkhata Bay, Lake Mala®i, from March 1980 to April 1981, p.
154-162. In J. Turner (ed.) Biological studies on the pelagic
ecosystem of Lake Malawi. F1:DP/MLW/75/019 Tech. Rep. 1.
FAO, Rome.

Turner, J. 1982¢. Analysis of the catch and effort data of a purse
seine fishery for Rastrineobola sardella at the southern end
of Lake MalaWwi, p. 109-11.In J. Turner (ed.) Biological studies
on the pelagic ecosystem of Lake Malawi. FI.DP/MLW/75/019
Tech. Rep. 1. FAO, Rome.

Turner, J. 1982d. Lake flies, water fleas and sardines, p. 165-173.
In J. Turner (ed.) Biological studies on the pelagic ecosystem
of Lake Malawi. Fl: DP/MLW/75/019 Tech. Rep. 1. FAO, Rome.

Walczak, P.1982. Feeding habits and daily food consumption rates
of the major pelagic fish species of Lake MalaWwi. FI.DP/MLW/
75/019 Field Doc. 25. FAO, Rome.



Trophic Interrelationships and Community Structure

at Two Different Periods of Lake Turkana, Kenya:
a Comparison Using the ECOPATH II Box Model

J. KOLDING
Department of Fisheries and Marine Biology
University of Bergen
High Technology Centre
5020 Bergen, Norway

KOLDING, J. 1993. Trophic interrelationships and community structure at two different periods of Lake Turkana,
Kenya: acomparison using the ECOPATH Il box model, p. 116-123. In V. Christensen and D. Pauly (eds.) Trophic
models of aquatic ecosystems. ICLARM Conf. Proc. 26, 390 p.

Abstract

The ecotrophic community structure in the open Lake Turkana, Kenya, has changed since the early 1970s when
the system appeared limited by zooplankton production and energy was accumulated in stocks of small pelagic
species. Later, the slower growing predator stocks of Lates spp. have proliferated and in the late 1980s energy has
accumulated at the top predator level. The result is a strong increase (250%) in predation mortality on small pelagic
species. This may explain the fivefold decrease in their biomass which is much more than can be expected from the
relative decrease in secondary and primary productivity between the two periods. The regulatory mechanismsin the
open lake ecosystem structure seem to have shifted from bottom-up to top-down "control” between 1973 and 1987.
Fishing effort should be directed at the Lates spp. and Synodontis stocks and sustainable yields under the present

conditions could be strongly increased.

Introduction

Lake Turkana, in the arid northwest part of the
Kenya Rift Valley, 2°27'-4°40°’N, is a large holomictic
closed basin lake. The lake is 257 km long with a
mean width of 31 km and a mean depth of 31 m at
0 m lake level (Fig. 1). By volume it is the fourth
largest lake on the African continent, after Lake
Victoria, Lake Tanganyika and Lake Malawi. The
most comprehensive accounts of its limnology and
fisheries are given in Hopson (1982), Killgvist et al.
(1988) and Kolding (1989). A general summary and
comparison with other systems is given in Kolding
(1992).

The climate is very hot and dry. More than 90%
ofthewaterinflux comes from the southern Ethiopian
highlands via the Omo river drainage. The great
irregularity of rainfall results in large fluctuations
of the water level which have changed more than 20
m during the last century (Butzer 1971) (Fig. 1). At
present, the lake level is low and the surface area
covers about 6,750 km?2 compared with 7,560 km? in
1973 with 3.5 m higherlevel. The water temperature
varies little, with a mean of 27.1°C and a range of
2.2°C (Hopson 1982). An estimated mean evaporation

rate of 2.5 m'year! (Kolding 1989) requires an inflow
compensation of about 600 m3s! or 19 km®year! to
maintain balance. This is consistent with Beadle
(1981) who reports a mean annual discharge for the
Omo River of 18.6 km3year'l. With no outlet, saline
conditions are created and the present concentration
of 2.44 gl1! dissolved solids is moving toward the
limit of 3 g1 defining true saline lakes (Williams
1964). Sodium, chloride and bicarbonate dominate
the water chemistry and most plant nutrients are in
surplus except nitrogen which, together with light
in the turbid water, is considered the limiting factor
for primary production (Harbott 1982; Killgvist et
al. 1988). Nitrogenin the open lakeis mainly supplied
by river inflow, as evidenced by a strong seasonality
in the phytoplankton densities coinciding with the
flooding cycles of the Omo River. There is also a
strong diminishing gradient with distance to the
Omo River mouthin the north. Primary productivity
in the south of the lake is on average less than 10%
of the northern part (Hopson 1982). The
phytoplankton diversity of the open lake is low
(eight species) and mostly dominated by Microcystis
aeruginosa. This large colonial blue-green algae is
only slightly cropped by fish or crustaceans and

116



117

and Caridinia nilotica; and (4) the
relative large community of big mud-
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e sifting/benthic feeding fish (Labeo horie,

Barbus bynni, Citharinus citharis and
Distichodus niloticus) which form an
important part of the fishery.

The zooplanktivorous pelagic fish
consist of Alestes baremoze and a unique
midwater scattering layer composed
chiefly of two small endemic characids:
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Alestes minutus (maximum size 3.7 cm
FL) and the larger A. ferox (6-8 cm FL).
These two small species form the main
biomass of fish in the lake and are the
most important link between
zooplankton and the piscivorous species:
tigerfish (Hydrocynus forskalii), Nile
perch (Lates niloticus) and the smaller
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endemic dwarf perch (L. longispinis).
The second largest stock is the
omnivorous mochokid catfish Synodontis
schall which, unlike elsewhere, is mainly
pelagicin Lake Turkana. This species is
not much predated upon (Hopson 1982),
possibly due to its long sharp pectoral
and dorsal spines which can be locked in
erect positions. Lake Turkana also has
an inshore littoral community in
sheltered localities characterized by
abundant ostracods, tilapias, birds and

1990

Fig. 1. Topography and bathymetry of Lake Turkana. Depth contours refer to 0 m
lake level (September 1972 level). The insert shows the mean annual lake levels

over the last century (from Kolding 1989).

most of the primary production passes through
bacterial decomposition before it becomes available
to the zooplankton as detritus (Hopson 1982). Large
amounts of suspended particulate material are also
supplied by the rivers with an organic content of
4.25 mg(dw)1l. With a mean influx of 600 m%s., the
annual load of organic allochtonous matter is ca 10
t(dw)km. The mean standing suspended organic
content of the lake wateris 1.4 mg11(Killgvist et al.
1988). This, together with the unusually poor organic
carbon content in deepwater sediments (Yuretich
1976; Cohen 1984, 1986), suggest that recycling
processes might be predominant and that arelatively
high proportion of the primary production, or
imported carbon, is lost to respiration before it can
contribute to fish production.

The importance of a detritus-based foodweb in
Lake Turkanaisindicated by: (1) the high abundance
of planktonic ciliates feeding on bacteria; (2) the
composition ofthe zooplankton where the detritivore
Trophodiaptomus banforanus contributes ca 60% of
the biomass; (3) large concentrations of the small
detritus feeding prawns Macrobrachium niloticum

crocodiles. This system, however, is
nearly totally separated from the open
lake system. More than 700 gillnet
settings over a one-year period between
the 10 and 25 m depth contour only caught two
tilapia (Kolding 1989) and only L. niloticus regularly
enter the littoral system from the open lake to forage
on tilapia (ca 20% of consumption).

There is a strong correlation between nutrient
input and production in Lake Turkana. A linear
regression between annual lake levels (proportional
towater influx, i.e., nitrogen and allochtonous organic
matter) and the commercial fish catch rates (ranging
from 31 to 5 t(ww)boatlyear?!) over the period
1972-1988 explained 88% of the variation of the
catches (Kolding 1989, 1992). Between 1979 and
1987, the lake level receded almost linearly by 6 m
and commercial catches went down 80%. Between
1973 and 1987, overall experimental catch rates (on
commercial species) went down by 46%, but smaller
species from the pelagic community (Alestes spp.
and Hydrocynus) had been reduced by 80-98%,
although fishing mortality (F) is practically zero for
these species. Only the two perch species had
increased, with experimental catch rates going up,
while Synodontis had remained stable (Table 1).
However, all species in the experimental fishery
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seemed under increased stress asindicated by overall
decrease in mean sizes compared with a similar
survey in 1973 (Hopson 1982). For some, such as
Labeo horie and Barbus bynni, there was also clear
indication that the median size at maturity had
decreased. Thus, while the basis of production in
Lake Turkana is certainly not steady, the trophic
system up to the fishable biomass appears to track
the fluctuations in production with little delay. This
indicates resilience and that self-regulatory
mechanisms, such as predator-prey relations
maintain a natural balance in the medium term
(Kolding 1989, 1992).

This paper is an attempt to quantitatively
simulate and describe the ecotrophic community
structure in the open Lake Turkana and to compare
the large changes in the biomass and production of
different trophic groups which have occurred during
the last decade of lowering lake levels. Despite the
limitations of ECOPATH II as a steady-state model
(Christensen and Pauly 1992), such changes can be
explored by narrowing the state parameters and
rates to one-year periods.

Materials and Methods

The ECOPATH 1I (version 2.1) box model was
applied to the Lake Turkana openwater ecosystem

for the two annual periods 1973 and 1987 (the only
two periods for which somewhat detailed data exist).
Only the important openwater fish species are
included. Some have been grouped together when
their biology was very similar, when detailed
information were not available, or when they are not
differentiated in the commercial landings (Table 1).
The model assumes that net production during the
period under investigation is zero. That is, the total
production P(i) of all components (i) (ecotrophic
groups) equals losses (predator consumption, other
mortality and catches) so that the standing mean
biomass is constant. Under these very constraining,
and seldom met conditions, the production to mean
biomass ratio (P/B) equals the total mortality rate
(Z) (Allen 1971). This can be used to estimate total
production. Production is also defined as the
consumption (Q) multiplied by the gross food
conversion efficiency coefficient (GE).

All data for 1973 are from Bayley (1977) and
Hopson (1982). All data for 1987 are from Killgvist
et al. (1988) and Kolding (1989). Phytoplankton
production and zooplankton biomass figures are
available for both periods. Their P/B ratios were
estimated from comparable systems (Le Cren and
Lowe-McConnell 1980; Payne 1986; Killqvist et al.
1988). Allochtonous organicinputis calculated from
the load of 4.25 mg1! in the river water times 600

Table 1. Input values (underlined) and results from ECOPATH II modelling of the open Lake Turkana ecosystem, The last two columns
(W, ., and C/f) are not used in the model itself. Biomasses are in tkm?, catches in tkmZyear!, while P/B and Q/B are annual rates.

Group Year Biomass Catch P/B Q/B EE GE TLe Wmaxh ci
1. Lates spp.® 1973 294 0.057 049 2.45 0.29 0.20 3.39 48.820 0.29
1987 3.68 0,070 0.57 2,86 0.51 0.20 3.35 19,513 0.36
2. Tigerfish? 1973 1.13 0,041 1.18 591 030 0.20 4.00 0,903 1.88
1987 0.06 0.002 1.24 6.21 0.45 0.20 4.00 0,663 0.10
3. Small pelagice 1973 29,85 ) 520 3467 018 015 3.01 ; .
1987 597 - 5.25 35.00 0.46 Q.15 3.01 - -
4. Benthic fishd 1973 1.24 0.237 0.50 3.33 0.50 0.15 2.20 4,494 0.69
1987 071 0,125 0.67 4,47 0.48 0.15 2.25 3.487 0.39
5. Synodontis schall 1973 3.31 0,041 1.37 9.13 0.03 015 3.00 0,715 132
1987 2,98 0,025 141 9.40 0.03 0.15 3.00 0.595 119
6. Zooplankton® 1973 60.00 - 30.00 200.00 0.58 0.15 2.00 - -
1987 26.00 30.00 200.00 0.29 Q.15 2,00 - -
7. Phytoplankton 1973 2175 365,00 000 037 ) 1.00 -
1987 15.25 365.00 0.00 0.23 - 1.00 -
8. Detritus! 1973 438,90 - - - - 1.00 - -
1987 391.80 - - - 1.00 - <7

aIncludes L. niloticus and L. longispinis in the ratio 2:1 (Hopson 1982; Kolding 1989).

bBiomass in 1973 calculated from: C/f (Hydrocynus) / C/f (A. baremoze) - biomass (A. baremoze).

‘Includes mainly A. minutus andA. feroxin the ratio 10:1 (Hopson 1982). The decrease in biomass of 80% is estimated from Kolding (1989).

dIncludes Labeo horie, Barbus bynni, Citharinus citharis and Distichodus niloticus in the ratios 26:10:13:9 (1973) and 60:8:1:4 (1987).

¢1973 figures estimated from Hopson (1982) and 1987 figures from Killqvist et al. (1988). The 1973 zooplankton biomassis a compromise
between two very different figures of about 10 t-ww-km2 (Ferguson 1982) and 120 twwkm2 (Hopson 1982).

fCalculated from mean organic content in lake water of 1.4 g-dw-1?! and volume/surface figures.

¢TL is mean trophic level. .

bWeighted mean (kg'ww) in groups consisting of several species (Hopson 1982; Kolding 1989).

iExperimental C/f in kg-'ww per standard net per setting (Bayley 1982; Kolding 1989).



and 500 m®s1in 1973 and 1988, respectively. A wet
weight/dry weight ratio of 10 has been used
throughout when data are given in dry weight only.
Quantitative biomass figures of the fish stocks,
based on extensive acoustics and trawl surveys,
total mortality estimates and food composition tables
onlyexist for the 1973 period. Fish biomass estimates
for 1987 are calculated by multiplying the 1973
figures by the ratio of the mean experimental catch
per effort (C/f) (1973) to mean experimental C/f
(1987) (Kolding 1989). Total landings are from
Kolding (1989). P/B values of fish for 1973 are given
or calculated from Hopson (1982). In case of unknown
P/B value in 1973 (tigerfish) or unknown biomass
(benthic fish), the ecotrophic efficiency (EE), defined
as the fraction of total production which is consumed
by higher trophic levels (Dickie 1972), has been
assumed. Diet compositions of fish in 1973 are from
tables in Hopson (1982). They are presumed
unchanged for all groups in 1987 except for Lates
Spp., which with the large decrease in prey densities
and increase in own biomass, are assumed to have
become more cannibalistic, as observed in Lake
Victoria (Ogari and Dadzie 1988). GE values are
estimated from literature (Dickie 1972; Payne 1986)
and considered constant in a stable physical
environment as Lake Turkana. Unassimilated food
for all groups is given the default value of 20%. As P/
B values were given as input (1973), then Q/B values
were output since their coefficient (GE) is constant.
Given the knowledge of significant changes in
maximum weight (W___)foreach fish groupbetween
the two periods (Table 1), conversion factors for Q/B
between 1973 and 1987 were calculated using an
empirical relationship between Q/B, temperature
and W___(Christensen and Pauly 1991). From these
ratios the Q/B values of 1987 were estimated and P/
B values were model output. All units are t(wet
weight)km-2 (=g(wet weight) m-2) averaged over the
whole lake surface area and flow rates are per year.

119
Results and Discussion

All input parameters are presented in Tables 1
(underlined) and 2. All other parameters are
estimated by ECOPATH II. The balanced energy
flow diagram for the two time periods is given in
Figs. 2 and 3, respectively. Table 1 shows a
remarkably good overall correspondence between
relative changes in biomass of the fish groups from
1973 to 1987 (calculated from experimental C/fs,
Table 1 last column) and relative changes in
commercial landings. As the two datasets on
experimental and commercial catches are totally
independent, this indicates that the changes in
biomass data are probably realistic and that the F
values (Table 3) can be considered reliable. These
are nearly identical in the two periods which also
appears reasonable since the fishing equipment
(passive gear only) and fishing pattern have not
changed and the total effort at the two periods is
quite similar (Kolding 1989).

From these conclusions, and considering the
relatively small changes in the Q/B ratios (ranging
from 1.03 to 1.17), it can be deduced, still assuming
that the diet compositions have not changed - except
for Lates spp. (Table 2) - that the large increases in
predation mortalities (M2) of the fish groups between
the two periods are also real. However, predation
pressure (M2), and thus ecotrophic efficiency (EE),
on zooplankton and phytoplankton have decreased
according to this model, although their productivities
have also decreased (Table 1). This indicates that
the relative decline (80%) in the small pelagic fish
biomass is larger than can be explained from the
decrease (56%) in food (zooplankton) availability
alone and that the system in 1987 can be assumed
to be top-down controlled in contrast to 1973 where
zooplankton appeared to be the limiting factor. This
switch is consistent with theincrease in top-predator
biomass (except tigerfish which has crashed for

Table 2. Input diet compositions (%) from two models of the open Lake Turkana ecosystem. For consumers 2-6 the

diets pertain to both the 1973 and 1987 models.

1
2 3 4 5 6
Prey/food 1973 1987

1. Lates spp. 5.0 95 - -
2. Tigerfish 5.0 0.3 - - - -
3. Small pelagic 60.0 60.0 99.0 1.0 - 20.0 -
4. Benthic fish 1.0 1.0 - - - - -
5. Synodontis schall 1.0 1.0 - - - -
6. ' Zooplankton 8.0 8.2 1.0 99.0 20.0 70.0 -
7. Phytoplankton - - - - - - 25.0
8.  Detritus - - - - 80.0 10.0 75.0
9. Import? 20.0 20.0 - - - -

a Import is tilapia from the littoral community.
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Fig. 2. Flow diagram for the open Lake Turkana 1973-model. All flows are in tkmZ%year.

unknown reasons) and the subsequent increase in
predation mortality on small pelagics, of more than
250% (Table 3). Such regulatory effects of predators
and the inherent tendency for predator-prey
interactions to generate coupled time-delayed
oscillations is a general tenet in system ecology (e.g.,
Begon et al. 1990) although cause and effect are
often difficult to determine.

The production and consumption rates of
organisms are dependent on their size (Allen 1971;
Dickie 1972; Sissenwine 1986). The size composition

of individual populations varies as a result of
exploitation/predation and fluctuations in
recruitment. Therefore the interdependent P/B and
Q/B ratios also vary. Although the increase in total
mortalities (Z) in this simulation is a result of the
observed decreasein W__for all fish groupsbetween
1973 and 1987 (Table 1), the observed changes
would not be meaningful unless mortality had risen.
In spite of the lack of conclusive evidence for top-
down control by Lates, it must be noted that the
relative predation mortality (M2/Z, Table 3) has
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Fig. 3. Flow diagram for the open Lake Turkana 1987-model. All flows are in tkm?year.

approximately doubled for all fish groups from 1973
to 1987, while it was approximately halved for
phytoplankton and zooplankton. This indicates that
the system has changed character from a bottom-up
controlled system to a top-down controlled system.

The greatly increased predation mortality has
caused the EE values of all fish groups to increase
but it is interesting to note that they do not exceed
about 0.5 in any one group. This is in accordance
with Dickie (1972)who deduced, based on theoretical

considerations, that “the ecotrophic coefficient [=
efficiency] in nature is unlikely to exceed a value of
about 0.5”. As the EE determines the fraction of total
production of a trophic level which can be passed on
to higher trophic levels, this has important
theoretical consequences for calculations of
sustainable yields from single-species production
models used in fisheries where EE is called the
exploitation rate (E = Y/P) defined as F/Z. In a
multispecies situation, however, EE is the fraction
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Table 3. Predation mortality (M2) breakdown showing how the M2’s can be attributed to predators, fishing mortalities (F), other mortalities
(M0) and total mortality (Z=P/B) for the living groups in the open Lake Turkana ecosystem as estimated in the 1973 and 1987 models. All
mortalities are on an annual basis.

M2

Group Year 1 2 3 4 5 6 Total F MO Z M2/Z

. Lates spp. 1973 0.12 - - - - 0.12 0.02 0.35 0.49 0.24
1987 0.27 - - - - 0.27 0.02 0.28 0.57 0.47

. Tigerfish 1973 0.32 - - - - - 0.32 0.04 0.83 1.18 0.27
1987 0.55 - - - - 0.53 0.03 0.68 1.24 0.42

. Small pelagic 1973 0.14 0.22 0.35 - 0.20 - 0.92 - 4.28 5.20 0.18
1987 1.06 0.06 0.35 - 0.94 241 - 2.84 5.25 0.46

. Benthic fish 1973 0.06 - - - - - 0.06 0.19 0.25 0.50 0.12
1987 0.15 - - - - 0.15 0.18 0.35 0.67 0.22

. Synodontis schall 1973 0.02 - - - - - 0.02 0.01 1.34 1.37 0.01
1987 0.04 - - - - - 0.04 0.01 1.37 141 0.03

. Zooplankton 1973 0.01 0.00 17.07 0.01 0.35 17.45 12.55 30.00 0.58
1987 0.03 0.00 7.96 0.02 0.75 - 8.77 - 21.23 30.00 0.29

. Phytoplankton 1973 - - - - 137.93 1379 - 227.07 365.00 0.38
1987 - - - - 85.25 85.2 - 279.75 365.00 0.23

which should be shared between fishers and the fish
predators, implying that E < EE.

Table 3 shows that the relatively large stocks of
Lates spp. and Synodontis are very lightly exploited
(E = 0.03 and 0.007) and from the table it appears
that these two groups together contribute more than
80% ofthe high M2 on the small pelagic fish. Clearly
these two predator resources are underutilized and
a fishery might perhaps induce the ecosystem to
move away from its present "top-heavy" state.
Applying the above principles of the EE and E values
on the present total production rate (BZ) of the two
stocks the sustainable yield rates (SY) can be
calculated from

SY = E-BZ
which is a modification of the so-called “Cadima
estimator” (in Troadec 1977) where E replaces a
constant of 0.5. E can be estimated as approximately
0.5-M2/Z, unless one wants to influence on M2 as, for
example, in case of cannibalism. For Lates spp. in
Lake Turkana, M2/Z has risen from 0.24 to 0.47
(Table 3) over the studied period as a result of
assumed increased cannibalism. Whether this is the
case or not, E can be set at 0.25 which means: (1)
sharing the theoretical maximum net production
equally between man and other predators (the 1973
situation), or (2) the same plus inducing a decrease
in the present stock, which will reduce predation
mortalities and cannibalism (the 1987 situation).
For Synodontis, the M2/Z is only 0.03 (Table 3)
which means that we can set E to 0.45. Using the
modified Cadima estimator on the stocks of Lates
spp. and Synodontis the sustainable yields would be:

SY (Lates spp.) = 0.5 tkm2year! (E = 0.25)

SY (Synodontis) = 1.9 tkm2year! (E = 0.45)

These potential yields are equivalent toa tenfold
increase of the present commercial landings of about
0.22 t-km?2-year! (Kolding 1992).

The models presented here of the open Lake
Turkana ecosystem are crude simplifications of
reality not only at the species groupings level, but
also because they do not allow for variation in the
biomass. Also, the models require that the total
production is "utilized" within the boxes defined,
ignoring unknown/unaccounted pathways or size-
dependent interactions.

The fraction of the production which is not
explicitly determined as M2 or F (i.e., 1-EE) goes
directly to the detritus box which is very large.
Recycling processes via bacteria and protozoans are
not included due to lack of data although they
probably are responsible for the largest turnover of
energy in Lake Turkana. The problem of size-
dependent interactions of flows is particularly
prominent for the juvenile components of the
populations where predator-prey interrelations and
trophic levels are very different. Sissenwine (1986)
found that while prerecruitment fish are only 10% of
the biomass of the exploitable part of the population,
their consumption is nearly as great and their
production is two and a halftimes as high. However,
Allen (1971) and Dickie (1972) indicated that the
calculations of production from P/B ratios over
particular periods of the life history, that is over
specified sizes, are meaningful within this range
under conditions of steady state and if mortality is
well described by a constant negative exponential
term.

Conclusion

Based on the limited data and underlying
assumptions of the model, the conclusions drawn
from this study can only be conjectures. As
"snapshots", thetwo models onlyprovide a framework
foridentification of the interacting factorsregulating
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energy flow in the open Lake Turkana ecosystem. }Jhristensen, V. and D. Pauly. 1992. A guide to the ECOPATH Il

Nevertheless, there seems to be some consistency in
the parameters and overall outcome. In addition,
the results appear to sustain the general conclusions
of Kolding (1989): (1) It is doubtful that overfishing
has ever been a problem in Lake Turkana as has
otherwise been indicated in most reports since the
Hopson survey. (2) A more flexible and diversified
fishing pattern should be considered and especially
encouragement for a high fishing effort on top
predators by promoting longlines and large-mesh
sized gillnets. (3) Some of the open Lake Turkana
resources are underutilized and a surface offshore 3"
mesh (minimum legal mesh size in Lake Turkana is
5") pelagicgillnet fishery for Synodontis schall should
be seriously considered to alleviate needs in this
often hunger-stricken region of Africa.
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Abstract

A trophic model of Lake George, Uganda, Central Africa, was constructed using published quantitative and
qualitative information on the various biotic components of the lake and the ECOPATH II approach and software. It
is shown that the available production and biomass estimates for the various groupsin the system are consistent with
each other, and that it is possible to make a balanced model of the major trophic interactions in Lake George.

Introduction

In this contribution, a trophic ecosystem model of
Lake George in Uganda is presented, based on an
approach already used to construct models of a number
of other African lakes and ecosystems (see Degnbol
this vol., Kolding this vol., Moreau et al., this vol.).

This paper aims:

1. to add Lake George, which has been well

studied in terms of its ecology and constituent
fauna and flora, tothe series oflakes that have

Kazinga Channel with Lake Edward (formerly Lake
Idi Amin), Lake George can be considered a self-
sufficient ecosystem, given the restricted nature of its
connection with Lake Edward (Fig. 1).

Lake George has been studied rather extensively,
both in terms of its fish fauna (Greenwood 1973) and
in the context of the International Biological Program
(IBP). Burgis and Dunn (1978), Beadle (1981) and
Burgis and Symoens (1988) present reviews of the
relevant works, which are considered below.

been described
using the trophic
modelling
approach; and

2. to demonstrate
further the utility
and versatility of
the ECOPATH II
approach and
software; and its

use in integrating
the work of differ-
ent researchers.

Africa

Lake George is p '&"f
relatively small, 250 km?, /T
and has ameandepth of 2.4
m, with a maximum of 4 m.
Although connected viathe and their location in Africa.

Fig. 1. Map of Lake George, showing its connection, via the Kazinga Channel, with Lake Edward,

124



Materials and Methods

The model of Lake George was constructed by
applying the ECOPATH II approach and software of
Christensen and Pauly(1992a,1992b)to data collected
by various authors in Lake George, and standardized
by this paper's authors.

The basicequation of ECOPATH Il expresses that
for each group (i) in the model,

B, (P/B), EE; =Y, + z (BJ. (Q/B)J. DCji) wel)
where B, is the biomass of i, (P/B), its production/
biomass ratio, EE, its ecotrophic efficiency, Y, its yield
(= fisheries catch), BJ. the biomass of its k predators j,
(Q/B)J., the food consumption per unit biomass of j and
DCJ.i the fraction of i in the diet of predator j.

This equation implies equilibrium,i.e., input
to a group is assumed to equal output from the
group over the period considered. This assumption
appears unavoidable in view of the scattered
nature of the dataset considered here. It is
justified, on the other hand, by the between-
year consistency of phytoplankton biomass reported
by Ganf and Viner (1973).

Table 1 presents the groups used to describe Lake
George, along with some of their characteristics.

Except for the birds and the phytoplankton, all
biomasses were estimated using ECOPATH II.
Estimates of parameters were provided as follows.

Table 1. Basic information on elements (“boxes”) of trophic model of Lake George.?
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Production/Biomass Ratio (P/B)

As shown by Allen (1971), under an equilibrium
assumption, when von Bertalanffy growth can be
assumed (as is here the case), P/B is equal to Z as
defined in fisheries science. Hence we have estimated
this parameter for the fishes from length-frequency
data as outlined in Gayanilo et al. (1989). For the other
groups, literature values were taken mainly from
Winberg (1971) and Payne (1986). All values of P/B
presented here are annual.

Diet Composition (DC)

The average composition of the food of each
consumer organism is presented in Table 3. The table
is on a weightbasis, and was assembled from published
information.

Food Consumption (Q/B)

This parameter expresses the food consumption
(Q) of an age-structured population in fishes relative
to its biomass (B), on an annual basis. Except for O.
niloticus and H. nigripinnis, the estimate of Q/B
used here was obtained via the empirical model of
Palomares (1991) who also showed that freshwater
and marine fishes have similar Q/B values when
their shapes, size, food type and environmental
temperature are equal, thus justifying the use of a
model based on both marine and
freshwater fishes.

1. Fish-eating birds

Fishing eagles, kingfishers, cormorants,

The Q/B estimated for O.

niloticus and H. nigripinnis

pelicans
9. Bagrus docmac Catfish (85) were taken from Palomares
3. Clarias gariepinus Catfish (85) (1991), who based her
4.  Protopterus aethiopicus Lungfish (75) comput ations on stomach
5. Haplochromis squamipinnis :  Predatory dwarf bream (20) contents data from Moriarty and
6. H. angustifrons . Benthophagous dwarf bream (12) Moriarty (1973) y
7. H. nigripinnis Phytoplanktophagous dwarf bream (10) oriarty :
8.  Oreochromis niloticus Nile tilapia (40)
9. 0. leucostictus Tilapia (35) . .
10. Zooplankton Thermocyclops hyalinus + Mesocyclops leuckarti Ecotrophic Efficiency (EE)
11. Zoobenthos Chaoborus spp., Copepods, Oligochaetes,
Ostracods (Cyprinotus spp.), Chironomus spp. This is the fraction of the
12.  Phytoplankton Blue-green algae (Anabaena, Microcystis,

Lingbya) (70% of biomass); Diatoms (Melosira,
Nitzschia, Synedra); Chlorophytes (Pediastrum

production of any group that is
consumed within the system, or

and Scenedesmus)
13. Benthic producers -
14. Detritus : -

caught by the fishery. This
parameter is difficult to estimate
and is usually assumed to range

aNumbers in brackets refer to maximum length, in cm.

Fisheries Caiches (Y)

Catch estimates pertaining to the 1970s were
obtained for the fish groups in Table 1 from records
of the Uganda Department of Fisheries (Gwahaba
1973; Dunn 1973, 1975, 1989). They are expressed
here, like all other flows, in t-ww-km2-yearl.

fromlow values (in apex predators)

to 0.95 (Ricker 1969). Note that
ECOPATH I directs the fraction (1-EE) of production
toward the detritus, a feature that is of relevance
when attempts are made to equilibrate an ECOPATH
IImodel. Note also that the EE values differ from gross
efficiency, GE = (P/B)(Q/B), used here to check the
inputs in Table 2, but not further discussed.
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Balancing of the Model

The equilibrium assumption implicit to equation
(1) is important in that it strongly constrains the
possible solution, i.e., the range of parameters that
will satisfy a set of simultaneous equations such as(1).
Thus, the solution accepted as realistic is that which
required the least modifications of the initial inputs
(including the diet matrix), and yet generated
biologically and thermodynamically possible outputs
(i.e., all GE and EE < 1).

Results

Tables 2 and 3 present the key features of our
model of Lake George, which is also illustrated in Fig.
2. The estimated biomasses are either within the
ranges, or close to the biomasses so far published and,
therefore, Fig. 2 represents a “possible” Lake George
situation. The fishbiomassisdominated by O. niloticus,
an herbivore, whose central role in Lake George was
previously emphasized by Gwahaba (1973), and by
Moriarty and Moriarty (1973) and by H. nigripinnis
and H. angustifrons, small phytoplanktivores
(Moriarty and Moriarty 1973) and zoobenthivores,

respectively (Gwahaba 1975). The major predators in
the system are the lungfish P. aethiopicus and the
catfish C. gariepinus, with consumptions of 7.3 and
6.2 t-km2-year’, respectively.

The predatory fishes are caught by fishers and by
birds (Sumba 1983) and their EE (0.95) was assumed
to be high. It is noted that the total consumption by
birds (1.28 t-km?2-year?) is far from negligible. It
amounts to 8.5% of the actual catch (14.3 t-km™2-year?!).
EE is also high for Oreochromis species which
constitutes the bulk of the actual catch and of the food
of the birds. In contrast, EE values are considerably
lower for H. angustifrons and H. nigripinnis. These
two groups are very poorly exploited and donot appear
to suffer any severe predation (Moriarty et al. 1973;
Dunn 1975).

Amongthefood sources, e.g., zooplankton, benthos,
phytoplankton and benthic producers, only the last
one has been expected to be heavily predated upon.
The huge primary production of Lake George is not
fully exploited (EE=0.95) and, to some extent, this is
also true for zooplankton (Burgis and Dunn 1978). EE
(=0.8)is quite high for zoobenthos which is animportant
source of food for several fish species even if its
biomass (10.8 t-km2) is low when compared to other

Table 2. Input values for the required parameters for ECOPATH modelling of Lake George ecosystem (see also
Tables 1 and 3). Computed and observed biomasses are also shown. Values of EE are guesses based on the known
level of exploitation and/or predation of the group under consideration. Catches come from several sources: Gwahaba
(1973), Dunn (1973, 1989), Burgis (1978), G.W. Ssentongo (pers. comm.). They refer to the early 1970s.

Gross efficiency is computed as (P/B)(Q/B) and is usually between 0.1 and 0.3.

Group Catches Biomass P/B Q/B EE Computed Observed
(tkm?  (tkm?  (yearl) (year?) biomass  biomasses

year1) (tkm?) (tkm?)

1. Birds 0.0 0.0222 0.252 58.002 - (0.022)2
2. B. docmac 0.3 - 0.90b 5.45b 0.95 0.50 0.4-0.5f
3. C. gariepinus 0.8 - 0.90b 5.33b - 0.95 1.16 0.7-1.2)f
4. P. aethiopicus 0.6 - 0.50b 4.85b 0.95 1.50 (1.4-1.6Yf
5 H squamipinnis 08 . 1.70¢ 880c 095 062  (0.4-0.7f
6. H. angustifrons 04 - 2.50¢ 16.00° 0.30 2,55 (2.1-2.9¥
7. H. nigripinnis 0.5 - 3.10d 17.508 0.25 6.61 (5.2-6.9¢
8. O. niloticus 10.5 - 1.30f 12.80° 0.95 9.89 (8.5-12.1f
9. O. leucostictus 04 1.10f 12,508 0.95 0.59 (0.4-0.6f
10. Zooplankton 0.0 26.00¢ 140.00 0.60 4.47 (2.7-5.8)¢
11. Zoobenthos 0.0 - 4.50 26.00¢ 0.80 10.80 (9.8-11.4)
12. Phytoplankton 0.0 30.0/ 66.001 0.00 - - (30)
13. Benthic producers 0.0 - 5.00 0.00 0.95 19.81 -

aSumba (1983).
bMoreau et al. (this vol.).

‘Guessed values based on the maximum observed length for P/B (see Moreau et al., this vol.) and on the gross

efficiency for Q/B.

dComputed from an estimate of natural mortality M = 2.9 year! by Palomares (1991), assuming F = 0.2 year!ina

population which is lightly exploited.
®Moriarty and Moriarty (1973).

{Gwahaba (1973). The observed biomass for O. niloticus pertains only to the inshore waters.

€Burgis (1974).
bPayne (1986), Winberg (1971).

iGuessed values, based on the gross efficiency for these groups and estimates from Polovina (1984) and Polovina and

Ow (1985).
iGanf (1972, 1974, 1975), Burgis and Dunn (1978).
kDarlington (1977).
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Table 3. Diet composition (in % of weight of stomach contents) of consumers in the Lake George ECOPATH II model. Groups 12, 13
and 14, respectively : phytoplankton, benthic producers and detritus. Estimates are from: Sumba (1983) for group 1; Moreau et al.
(this vol.) for groups 2, 3, 4; Dunn (1975) for groups 5, 6, 7; Moriarty and Moriarty (1973) for groups 7, 8, 9; Trewavas (1983) for group
9; Burgis and Dunn (1978), Moriarty et al. (1973) for group 10; Payne (1986) and Palomares (1991) for group 11.

Prey

Consumer 1 2 3 4 5 6 i 8 9 10 1 12 13 14

1. Fish-eating birds - 6 9 - 1 - - 76 8 - - - - -

2. B. docmac 0.5 05 05 05 4 20 3 1 5 50 - 2 13

3. C. gariepinus - - 05 1 0.5 5 10 3 05 5 485 1 5 20

4. P. gethiopicus 05 05 05 05 3 10 2 - 5 60 2 5 11

5. H. squamipinnis - - - - 2 16 50 6 1 10 10 - 5

6. H. angustifrons - - - - - - - - 10 50 10 10 20

7. H. nigripinnis ; . - . - 2 - 90 3 5

8. O. niloticus - - - - - 2 90 4 4

9. O. leucostictus - - - - 1 80 5 14

10. Zooplankton - - - - 5 - 95 - -
11. Zoobenthos - - - - 10 5 5 30 50

African lakes (Beadle 1981; Payne 1986; Burgis and
Symoens 1988).

To some extent, this ECOPATH II model of Lake
George confirms the frequently mentioned assumption
(Burgis 1978; Burgis and Dunn 1978; Beadle 1981)
that this ecosystem has a low ecological efficiency as
compared to other African lakes such as Lake Victoria
(Moreau et al., this vol.). The gross efficiency of the
fisheries (actual catch/primary production) is 0.0057
in Lake George, between that of Lake Victoria prior to
(0.0016) and after the introduction of Nile perch
(0.0082).

Discussion

Interactions between Organisms

The Lake George ecosystem is quite well studied,
and it is comforting to see that ECOPATH II could
describe it properly in terms of biomasses and ecological
production.

For instance, the observed catch (14.3 t-km2year!)
is realistic if extracted from an average total fish
biomass 0f23.4 t-km2. Thelatterfigureisin agreement
with the evaluations of Gwahaba (1975): 16.4 and 29
t-km2, depending on how one raises to the whole lake
area figures initially estimated only for some biotas
and/or stations. The difference betweenthetwo figures
given by Gwahaba seems to stem mainly from the
method of taking into account the important inshore
biomass of exploited O. niloticus. Furthermore, the
low values of EE for food sources, and also for the
haplochromine cichlids, contribute to explain the low
ecological efficiency of the system (Burgis and Dunn
1978; Payne 1986). A significant amount of the primary
production is sedimented and exported through the
Kazinga Channel, the main outflow to Lake Edward
(Fig. 1).

The assumed low ecotrophic efficiencies for the
two haplochromines (No. 6 and 7) indicate that these
species are incompletely utilized. It is estimated that
a production of around 20 t-km2-year’!, or more than
the total present catches is unutilized. It is however
not clear if this is an artefact caused by erroneous
assumptions in the model or if the fishery on these
groups could in fact be increased considerably.

As already mentioned, the ECOPATH model was
developed for static situations under general
equilibrium conditions. However, we know little on
the states of tropical fish communities. Also, little is
known of the sensitivity of the model to perturbations
caused by fishing or ecological stresses.

The mixed trophicimpacts (Fig. 3; see Christensen
and Pauly 1992a and 1992b for description) suggest
that the fishing pressure that is operating now has a
negativeimpact on all fish groups except Haplochromis
angustifrons and H. nigripinnis, which show slightly
positive impacts. This indicates that the fisheries
presently has, relative to predation and competition,
limited impact on those two species.

Interaction among Scientists

During the IBP study of Lake George, specialists
of different groups were associated with a team
supported by IBP which provided opportunities to
interact and to exchange informations on a qualitative
basis. This has made possible the publication of several
synthesis papers (see Burgis and Symoens 1988 for
review). ECOPATH II shows how the quantitative
data on each group can be used to describe the
ecosystem as a whole. Thus, we could verify that the
estimates of biomasses and production of each main
group provided by the IBPteam werelargely consistent
with each other. We could also show the gaps in
knowledge of this lake, at the end of the IBP project.
To some extent, these gaps have forced the authors of
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Fig. 2. ECOPATH 1I model of Lake George, indicating the biomasses (Bin t km™) of the groups used for description of the ecosystem and
the flows connecting these (tkm=year™).
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synthesis papers to make arbitrary assumptions on
the relative importance of transfers of energy and
biomass between the successive trophic levels (Burgis
and Dunn 1978).

Ashort, andnotexhaustive list ofgapsin knowledge

of Lake George includes:

¢ impact of predation by fish-eating birds;

e dynamics and ecological production of
predatory fishes, haplochromines and
zoobenthos;

e diet composition and food consumption of
zoobenthos and benthophagous fishes;

e actual catch and its range of variations for
each group of fishes;

e identification of the reason(s) why a large part
of the primary production is not channelled
into secondary production (as mentioned by
several authors and confirmed by our low EE
value for phytoplankton); and

e extent of the predation on zooplankton by
young fishes (all species considered)ininshore
areas.

Conclusion

ECOPATH II has allowed the authors to balance
the biomass and production of several interacting
groups in Lake George, based on data from the
literature onthelakeitself, or adapted from information
from other lakes. The accuracy of several previous
biomass and production estimates for major groups
was demonstrated and the underutilization of some
sources of food by fishes (especially phytoplankton)
was confirmed. However, some gaps in our knowledge
of the transfers of biomass between the groups have
also been pointed out.
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Abstract

Nine major trophic groups (Hydrocynus vittatus, Synodontis zambezensis, cichlids, Limnothrissa miodon,
mussels, zooplankton, phytoplankton, macrophytes and periphyton) were analyzed using the ECOPATH II model
to assess the trophic interrelationships and community structure of Lake Kariba, Zimbabwe. The utilization of energy
flows, represented by the ecotrophic efficiencies vary widely among the various groups. The production of S.
zambezensis, of macrophytes and of periphyton is apparently little utilized within the system and thus S. zambezensis
represents a potentially important resource. The utilization of H. vittatus and of the cichlids is moderate, but this
inference depends on the reliability of the catch data. The small pelagic Limnothrissa miodon is fairly heavily
harvested, although the analysis indicates that fishing mortality could be increased. This, however, depends on the
reliability of the P/B ratio. The pelagic food chain appears fully utilized whereas there is room for herbivorous species
in the vegetated littoral zone. These two habitats are new to the original riverine fish fauna and only the former has
become productive after the introduction of the pelagic L. miodon.

Introduction

Lake Kariba (277 km long; about 5,364 km?, 29 m
mean depth and 120 m maximum depth)was dammed
in 1958 and filled in 1963; at that time it was the
largest artificial lake in the world.

A number of ecological characteristics make this
water body fairly different from the great lakes on
the African continent. The mean retention time of
water in Lake Kariba is only about 3-4 years and the
bulk of this water is lost through the hydroelectric
turbines. Being located in a tropical area with sea-
sonal rainfall, the lake usually experiences annual
drawdowns of about 3 m, although this is exceeded
during periods of drought (Fig. 1). The lake lies over
an infertile bedrock and overall productivity is de-
pendent on nutrient inflow from the catchment
(Marshall 1982). Thus in periods of drought, produc-
tivity declines. The Zambezi River contributes about

70% of the water inflow. Next in importance is the
Sanyati River which discharges its water into the
lake close to the dam (Fig. 1). The wide seasonal
fluctuations in water temperature (between 20° and
30° at the surface) and the turnover in July-August,
with a period of maximum stability between Decem-
ber and April, are important in relation to seasonal
fluctuations in productivity.

These factors and others not discussed here com-
bine to give the lake a very peculiar ecological
character. For example, the drawdowns create un-
stable littoral habitats which can only be colonized
by few benthic species with broad tolerance limits
(Machena 1989a). On the other hand, the alterna-
tions in flooding and drying along the stretches of
gently sloping shorelines with the subsequent growth
and decomposition of ephemeral vegetation, espe-
cially grasses, are a source of nutrients and a favorable
environment for growth and reproduction of some
fish species, particularly tilapias (Donnelly 1969;
McLachlan 1970).
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Fig. 1. Lake Kariba, one of the largest artificial lakes in Africa.

The lake has undergone changes in its physical
and chemical characteristics with marked succes-
sion in the development of plant and animal commu-
nities (Coche 1968; Magadza 1970; McLachlan and
McLachlan 1971; Balon and Coche 1974; Balon
1978; Marshall and Junor 1981). In the early filling
phase of the lake, nutrient input from the flooded
terrestrial habitats was high and total dissolved
solids (TDS) rose from 55 mgl* (in the former Zam-
bezi River) to 65 mgl! in the lake by 1960. Fish
populations were very large while the lake was still
rich in nutrient and very good catches were made in
the inshore fishery. These however declined stead-
ily from 1965 as the nutrient levels decreased and
stabilized at a lower level around 1973. There was
also an explosive growth of the floating fern Salvinia
molesta, which covered 22% of the lake in 1962 and
locked up large quantities of nutrients (Mitchell
1973). From around 1972 it shrank considerably
(Marshall and Junor 1981) and is now practically
absent.

There are about 40 fish species in the lake (Bell-
Cross and Minshull 1988), of which about 20 are
fairly common, but marked fish population changes

have occurred since the lake was created (Donnelly
1970, 1971; Kenmuir 1984). Before impoundment,
the most numerous fish in the Zambezi River were
typical riverine species, notably cyprinids,
distichodontids and characids. Small species were
relatively scarce because there was little coverin the
sandbank river and heavy predation from the
tigerfish (Hydrocynus vittatus) (Jackson 1961).
Larger cichlids were also uncommon. Cichlid
populations have increased following the establish-
ment of a lacustrine environment whilst the
populations of cyprinids and distichodontids have
decreased. The change from riverine to lacustrine
conditions has also produced several new habitats,
to which the Zambezi River fish were not pre-
adapted. In particular ca. 70% of the lake area
constituting the open pelagic region, with depth of
more than 15 m, was not utilized. In 1967-1968 the
small pelagic clupeid, Limnothrissa miodon, was
introduced from Lake Tanganyika to fill the vacant
niche in the open pelagic (Bell-Cross and Bell-Cross
1971). This introduction was highly successful and
today this species is the most important commer-
cially, with an annual Zambian and Zimbabwean
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yield of about 32,000 t (Anon. 1992). The pelagic
fishery is fairly industrialized, whereas the inshore
demersal species are cropped by an artisanal gillnet
fishery. Lake Kariba is also a holiday resort and
supports a popular recreational fishery, relying pre-
dominantly on tigerfish H. vittatus.

The importance of some ecotrophic groups in
different aquatic systems will vary due to ecological
characteristics. Hence a comparison of the energy
flows in different lakes will reveal the different
ecological forces shaping up the different systems.
Trophic analysis is a widely accepted way to com-
pare ecosystems (Hecky 1984). Quantitative assess-
ment of trophic interactions in an aquatic ecosystem
is not only of academic interest, but has important
implications for the understanding and manage-
ment of a multispecies fishery - fish yields are the
results of energy flows.

This paper is an attempt to summarize our per-
ception of the present trophic relationships among
the most important ecotrophic groupsin Lake Kariba,
based on the available literature.

Materials and Methods

The ECOPATH II model (Christensen and Pauly
1992) was used to quantify the present trophic
relationships and community structure in Lake
Kariba. The ECOPATH box model assumes that
each ecotrophic group is in steady state, where total
gross production (P = Z - B) is balanced by total
mortality (Z) so that the average biomass (B) re-
mains constant. This is a rigid assumption, espe-
cially in a young ecosystem such as Lake Kariba
which is known for its successive changes in plant
and animal populations. On a short-term scale,
however, the assumption of steady state can be
considered to have been reasonably fulfilled and the
model can serve as a useful tool for exploring and
evaluating the consistency of collected data and
population statistics from the various groups.

Only nine trophic groups were selected in Lake
Kariba on the basis of their known importance and
availability of data from the literature. Some groups
were left out (e.g., benthic mormyrids) because of
their perceived minor importance for the overall
trophic flows. Some fish species, e.g., the cichlids,
were grouped both because commercial landing sta-
tistics do not separate individual species and also
because their biology is similar. For each selected
group values of

(i) the diet (% weight or volumetric composi-
tion);

(ii) average biomass (tkm?);

(iii) catches or export (tkm?); and

(iv) productiontobiomassratios(P/B)andgross
growth efficiencies (GE);

were determined. These values are shown in Tables
1 and 2. All units are averaged over the whole lake
surface area, and the flow rates on an annual basis.
From these input parameters, the ECOPATH II
program computes an array of output parameters
(Christensen and Pauly 1992), of which the most
important for the purpose of this study are shown in
Table 2. Q/B is the ratio of food consumption to
biomass, where the consumption (Q) is defined as
total production divided by the gross growth effi-
ciency (GE). EE is the ecotrophic efficiency and
expresses the fraction of the total production which
is either consumed by predators included in the
system (M2) or caught by the fishery (F).

Biomass estimates of tigerfish, Hydrocynus
vittatus, and four cichlids (Tilapia rendalli,
Serranochromis codringtoni, Serranochromis
macrocephalus and Oreochromis mortimeri, the
dominant cichlids in terms of catches) were obtained
from Machena (1988, Table 7 based on Langerman
1984, which gives the most recent estimates). For
the squeeker, Synodontis zambezensis, the biomass
value of 21 kg'ha' in Mitchell (1976) was adjusted by
the 1989 catch/effort (= 8 times higher; L.P.Karenge
and J. Kolding, unpubl. data) as this species seems
to have greatly increased in abundance (Sanyanga
1990, in press). The biomass of the pelagic sardine,
Limnothrissa miodon, seem to fluctuate widely and
various estimates are given (Marshall 1988). We
have chosen the value of 37 kgha' obtained from
acoustic surveys in 1988 (Lindem 1988), partly be-
cause we consider the acoustic estimate more accu-
rate than others based on catch/effort and partly to
match the estimate closest in time with the
zooplankton data used here.

Three different biomass values of zooplankton
were available. One of these values was based on
data collected in 1967 and 1968 at a river mouth
(Bowmaker 1973), the other in 1980 over a seven-
day sampling period (Magadza 1980). Neither of
these values were considered representative of the
annual mean standing stock. Therefore, the biomass
value used here was back-calculated from the mean
daily production rate over a one-year sampling pe-
riod (= 3 mgdry weightm?day!) obtained from
Masundire (1992) and integrated over the mean
lake depth of 29 m (H. Masundire, pers. comm.).
Also, we used Masundire’s estimate of mean replace-
ment time of 10 days (i.e., Z = 36.5 year?). This
mortality estimate for zooplankton corresponds
closely with the average value of 10% per day given
in Gliwicz (1986, Table 2) from the Cahora Bassa
reservoir on the lower Zambezi.

The yearly mean biomass of phytoplankton was
310 mgwet weight m? (Ramberg et al. 1987) which
equals 3.70 tkm? when integrated over the average
euphotic depth zone of 12 m (Balon and Coche 1974).



Ramberg et al.’s figure was obtained during a dry
period (1982-1984) with little nutrient inflow into
the lake. The biomass of submerged vegetation and
mussels was obtained from Machena and Kautsky
(1988) and the biomass of periphyton was obtained
from Ramberg et al. (1987).

Estimates of the catches of cichlids of Hydrocynus
vittatus and of L. miodon, were available from
Sanyanga et al. (1991). Commercial catches of S.
zambezensis are low and a value of 0.1 kgha was
used. Catches of the inshore species were raised by
a factor of 3 partly to accommodate the yields from
the Zambian side, and partly because of problems of
underreporting (Sanyanga et al. 1991).

The P/B ratios of S. zambezensis and the cichlids
(a mean of four species) were obtained from Balon
and Coche (1974) and of H. vittatus from Langerman
(1984). As Marshall’s (1985, 1987) estimate of Z (= 12
year!) for Limnothrissa miodon is considered too
high (Pearce 1989; Anon. 1992), a conservative value
of 6 year! was used.

The P/B ratios (Kenmuir 1980) of the four mussel
species in the lake were weighted by the biomass of
each mussel and then averaged. The P/B ratio of
submerged vegetation was obtained from Machena
et al. (1990). The P/B ratios of zooplankton and
phytoplankton were obtained from Masundire (1992)
and Brylinsky (1980), respectively. The P/B ratio of
periphyton was estimated.

The diet of Hydrocynus vittatus has shifted from
predominantly cichlids and is now largely based on
Limnothrissa miodon (Begg 1974; Kenmuir 1975;
Mitchell 1976; Langerman 1984). The composition
of the diet of four cichlid species was expressed as a
mean of the values (weighted by biomass) given in
Mitchell (1976).

The diet of Limnothrissa miodon was obtained
from Begg (1974) and Cochrane (1984), and thus
refers to data collected before 1975/76. The diet
composition of Synodontis zambezensis was obtained
from Mitchell (1976). A large proportion of their diet
was from items imported from outside of the Lake
Kariba system as defined here. This applies espe-
cially to the adult insects and to their larvae, which
could not be included as separate groups because
data on their biology were too scanty.

Mussels are predominantly filter feeders and it
was assumed that they eat mostly detrital matter
and phytoplankton. Zooplankton were assumed to
feed on phytoplankton, and, to a large extent, on
suspended detritus and nanoplankton and bacteria
(H. Masundire, pers. comm.).

Dry weight values were converted to wet weight
by multiplication with a factor of 10. The biomasses
of vegetation, mussels and fish which only colonize
littoral areas were averaged over the whole lake
area by using the relationship of area colonized to
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total area of the lake. The average bottom area per
1 m depth interval between 0 and 15 m is 105.22
km?m* (Machena and Kautsky 1988). Vegetation
only extends to a maximum depth of 6 m (Machena
1989a) while fish, except Limnothrissa miodon, and
mussels are mainly found in the 0 to 15 m depth zone
(Coke 1968; Balon and Coche 1974; Langerman 1984),

Gross growth efficiency coefficients (GE), defined
asthe proportion ofingested food that is used for tissue
production, were estimated from the literature (Dickie
1972; Payne 1986), and the ECOPATH II default
value of 20% nonassimilated food was used for all
consumers.

Results and Discussion

An overview of the trophic flows in Lake Kariba is
presented in the flowchart in Fig. 2. The groups are
here placed on the Y-axis after trophic level as esti-
mated with ECOPATH II.

The ecotrophic efficiencies (EE), which represent
the proportions of the total gross production that is
exported is consumed by predators defined in the
system, vary considerably (Table 2). Energy flows to
higher trophic levels are low from S. zambezensis and
from the macrophytes, periphyton and detritus. They
are medium for H. vittatus, cichlids, L. miodon,
zooplankton and phytoplankton but relatively high
for mussels. In comparison the energy flows to detri-
tus appear high (Table 2) but this is because they
represent both the proportion (20%) of unassimilated
ingested food of the heterotrophs and the fraction of
the total production (1 - EE) which is not consumed by
higher trophic levels.

In Lake Kariba, H. vittatus is the top fish predator
and only fishing and cannibalism contribute to its EE
value. If the figures presented here are correct, there
is no indication of overfishing on this species. On the
contrary, fishing mortality (F) could be doubled with-
out affecting the productivity assuming that maxi-
mum productivity is obtained with an EE of = 0.5
(Dickie 1972). This, however, would certainly affect
the recreational fishery as the number of large trophy-
specimens would probably become very scarce. An
increase of this fishery might therefore not be advis-
able, as the recreational fisheries make a valuable
economic contribution to the area (Langerman 1981;
Machena 1989b).

The cichlids, which are the most important com-
mercial inshore species, also appear to be lightly
exploited on a lake-wide basis. This might not be soin
reality, as the yield statistics are based on extrapola-
tion from data collected at a few landing sites. There
are also problems withillegal fishing. The data used in
this analysis were averaged over the whole lake area,
and includes the protected areas. On the Zimbabwean
side of the lake, about 40% of the shoreline are wildlife
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Fig. 2. Flowchart summarizing trophic flows (t-km2year!) in Lake Kariba, Africa.
Table 1. Input diet compositions of each group in percent for various ecotrophic groups in Lake Kariba.
Food
No. Consumer 1 2 3 4 5 6 Phyto- Macro- Peri- Detritus Import
plankton phytes phyton
1. Hydrocynus vittatus 3 10 15 70 - - - - - - 2a
2. Synodontis zambezensis - - 2 2 2 - - - - 14 80b
3. Cichlids - - - - 20 - - 20 18 2 40>
4. Limnothrissa miodon - - - - - 99 1 - - - -
5. Mussels - - - - - 5 50 - - 45 -
6. Zooplankton - - - - - - 34 - - 33 33¢

8Includes aquatic and terrestrial insects that fall into the water.

bIncludes largely aquatic insects and gastropods.
Includes nanoplankton and bacteria.
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Table 2. Input values (underlined) and results from the ECOPATH II modelling of the artificial Lake Kariba ecosystem. Export includes catches.

Group Biomass Export P/B Q/B EE Gross Trophic Mo M2 F
(tkm2) (tkm?) (year!) (year!) efficiency  level (yearl)  (yearl) (year!)

1.  Hydrocynus vittatus 1.0 Q.15 0.86 4.3 0.32 0.20 3.9 0.58 0.13 0.15

2. Synodontis zambezensis 6.0 0.03 123 8.2 0.06 Q15 2.4 1.15 0.07 0.00

3. Cichlids 6.1 042 093 6.2 0.36 015 24 0.59 0.27 0.07

4. Limnothrissa miodon 3.7 6.00 6.00 40.0 045 0.15 3.0 3.30 1.08 1.62

5. Mussels 211 0.48 3.2 0.84 015 21 0.07 0.41 0

6. Zooplankton 8.7 36.5 243.3 047 0.15 2.0 19.27 17.23 0

7. Phytoplankton 3.7 365 - 0.56 - 1.0 160.94 204.06 0

8. Macrophytes 1878 - 24 0.02 - 1.0 2.36 0.04 0

9. Periphyton 58.8 200 - 0.00 1.0 199.88 0.12 0
10. Detritus 12,733 0.06 - - 1.0 - -

areas where fishing generally is prohibited. Large
areasin thelake were not bush-cleared before inunda-
tion and this makes gillnet fishing difficult. Although
the inshore commercial species are heavily cropped
locally, the results of this study indicate that they are
not in immediate danger of being overfished.

S. zambezensis has been steadily increasing in
abundance in the lake (Kenmuir 1984; Sanyanga, in
press) but is hardly utilized in the system. It is lightly
cropped commercially because it has a narrow girth
and is seldom caught in commercial gillnets, which
have an (enforced) minimum mesh size of 100 mm. It
is also very lightly preyed upon as is the case with S.
schall in Lake Turkana (Kolding, this vol.). These
species have evolved effective antipredator mecha-
nisms by their long, sharp, locking serrated pectoral
and dorsal spines (Lowe-McConnell 1987). S.
zambezensis could therefore be utilized commercially
if an appropriate cropping gear is designed. This is
presently being investigated by the Lake Kariba
Fisheries Research Institute. The present data sug-
gest that sustainable yields could be some 15,000
t-year! with an exploitation rate (F/Z) of 0.4.

Limnothrissa miodon is fairly heavily exploited
although there might still be room for expanding the
fisheries. This, however, will depend on the true value
of the P/B ratio. Literature estimates vary widely and
have been the object of much discussion. Applying
traditional length-based methods to this species to
estimate mortality has proven very difficult, espe-
cially as it appears to have continuous recruitment
(Begg1974) and as the distribution of modes inlength-
frequency samples are very erratic, which makes
growth curves a matter of belief (Pearce 1989; Anon.

1992). There is a strong need for reassessing growth
and mortality for this species in Lake Kariba. It should
be noted that if Marshall’s (1985) estimates of total
mortality (Z =~ 12 year!) were used under the present
conditions, then the EE value of zooplankton would be
very close to 1 which, according to Dickie (1972), is
unsustainable.

The EE value of zooplankton indicates that it is fully
utilized by higher trophic levels. Since L. miodon is an
efficient zooplankton predator (Green 1985; Gliwicz 1986)
it is clear that fluctuations in the sardine biomass will
follow the biomass of the zooplankton which again is a
function of the nutrient inflows to the lake.

The EE of mussels suggests that this ecotrophic
group is heavily utilized. Mussels, however, have a
very high biomass, consisting largely of adult animals
with a relatively low P/B ratio, and this part of the
population is at equilibrium (Kenmuir 1980). These
animals are therefore chiefly preyed upon in their
young stages, mainly by the cichlids (Table 1). As the
relatively low mortality value of 0.48 year! refers to
the adult population, with no significant predators,
the EE value of 0.83 might be strongly misleading.
Mortality data are not available for the juvenile part
of the population, but can be assumed to be much
higher than for the adult.

The EE values of macrophytes, and especially of
periphyton, appear very low and they add consider-
able amounts to the detritus box in this model (Table
2). Herbivorous fish species in Lake Kariba are few
and the major herbivore is Tilapia rendalli. This
species prefers Vallisneria aethiopica (Chifamba 1990)
which, according to Machena and Kautsky (1988),
comprised only 10% of the submerged macrophyte
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biomass. Lagarosiphon ilicifolius and Najas pectinata,
which comprised 52% and 33% of the macrophyte
biomass, constituted less than 50% of the diet of
Tilapia rendalli. According to Machena et al. (1990),
the net community production of Lagarosiphon was
only 1.16 mgCgm?year?. This indicates a high de-
gree of self-maintenance and little utilization by her-
bivores.

It is questionable if the periphyton is as little
utilized as indicated here. Small omnivorous cichlids,
which are relatively numerous in vegetated areas
(Hustler and Marshall 1990), as well as vartous inver-
tebrates are presumably grazing on the periphyton
and associated “aufwuchs”.

Thebiomass of phytoplankton, 3.72t km2(Ramberg
et al. 1987), is low compared to the biomass of
zooplankton. The ratio of total annual production of
phytoplankton to zooplankton is only about 3 and
although it is intensively grazed it was estimated
that phytoplankton only constituted about one-third
of the zooplankton diet. This finding corresponds
with those of Gliwicz (1984) in the Cahora Bassa
reservoir 400 km further down the Zambezi River.
Here the annual production of phytoplankton was
only about three times higher than that ofzooplankton,
which Gliwicz considered was acceptable if it is
assumed that the zooplankton feeds extensively on
bacteria and suspended organic aggregates.

Conclusion

The nine ecotrophic groups that were used in this
study are not the only important ones in Lake
Kariba. The larger benthic feeding mormyrids and
cyprinids are important commercially, and small
species of characids, cichlids and cyprinids contrib-
ute notably to the ichthyomass of the lake (Balon
and Coche 1974). Mitchell (1976) showed that in-
sects contribute significantly to the diets of juvenile
fish and most benthic fish species. The population
dynamics of these insects - treated here only as
imports - need to be quantified and their production
rates evaluated. Sources and production rates of
phytoplankton need to be evaluated as well. From a
fisheries point of view, it is particularly important
that reliable estimates of the growth and P/B ratio of
Limnothrissa miodon are established.

Although we provide a first impression of the
trophic setup of Lake Kariba for the most important
groups, there are good reasons why this should only
be taken as a preliminary assessment. The data that
were used cover different periods of time, although
most were collected during the 1980s. As the lake
has experienced a marked succession of both flora
and fauna, as well as fluctuations in their population
densities, data collected at an earlier date may not be

comparable with data collected later. In addition,
some of the parameters are associated with large
uncertainties, while others have been indirectly
estimated. For further analysis it will be necessary
to collect data covering all important ecotrophic
groups, over the same period of time.
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Abstract

An update of previous estimates of production by the pelagic fish and invertebrate populations of Lake
Tanganyika (Burundi sector) of Africa, is presented, along with a revised quantification of their trophic interactions.
Two models are provided, pertaining to the periods 1974-1976 (high biomasses) and 1980-1983 (low biomasses). Some
implications for research on the living resources of Lake Tanganyika are also presented.

Introduction

This contribution follows up a previous attempt to
model quantitatively the food web of the Burundi
sector of Lake Tanganyika (see Fig. 1), henceforth
“Lake Tanganyika”. The previous effort is documented
in Moreau and Nyakageni (1989), and was based on
the original version of the ECOPATH program
(Polovina and Ow 1983; Polovina 1984).

Thefollowinginformation, not previously available,
has made the present update of the Lake Tanganyika
model possible:

1. thepopulationdynamics ofthe pelagic clupeids
and of their predators have been quantified
for the periods 1974-1976 (Moreau et al.,
1991) and 1980-1983 (Moreauand Nyakageni
1992);

2. the food consumption of Luciolates stappersii
has been quantified (Pearce, unpubl.);

3. atime series of catch data has been generated
which is free from the known biases of the
earlier series (Petit 1990; Petit et al. 1990);

4, Roest (1988) defined predator-prey
relationships for Lake Tanganyika.

These points, the fact that much of our previous

- work was published in French and the availability of

the ECOPATH 1II software, appear to justify the
present contribution. Additionally, the authors
expanded on the previous work by constructing and
comparing two models, pertaining to two different
periods, 1974-1976 and 1980-1983, during which the
pelagic stocks of Lake Tanganyika differed markedly
in their structure.

Materials and Methods

The data used here followed the requirements of
the ECOPATH 1I program (Christensen and Pauly,
this vol.) for a model with seven boxes:

1. capitaines, i.e., large predators of the genus
Lates (L. mariae, L. microlepis and L.
angustifrons), previously abundant, but now
much reduced by fishing;

2. small predators, especially the mukeke,
Luciolates stappersii, presently subjected to
an intense exploitation;

3. the ndagala, Stolothrissa tanganyicae, a
strictly pelagic zooplanktivorous clupeid,
presently dominant and characterized by a
short life span of about one year;

4. Limnothrissa miodon, another ndagala
(clupeid), of lesser importance and
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characterized by a higher longevity and a
slight tendency towards ichthyophagy;
zooplankton;

phytoplankton; and

detritus, abox to which all boxes are connected
via production of feces and/or dead material.
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Tables 1, 2 and 3 document the values and
sources of the input parameters used for the
1974-1976 and 1980-1983 models.

For the analysis, it has been assumed that
the ecotrophic efficiency (EE, i.e., the proportion
of the production that is either harvested or
consumed within the system) was 0.95 for all
groups in 1975. This implies that only a minor
part (5%) of the production is assumed to die off
and flow to the detritus box. The same EE 0f 0.95
is used for all consumer groupsin the 1980-1983
model, except phytoplankton.

The observed reduction in the biomasses of
the planktivorous fish in the time period between
the two models should lead to a decreased
predation on the zooplankton. This in turn will
change the size structure of the zooplankton
group and lead to an increased predation by
copepodites on nauplii. We assume the increase
to be from 5% to 10% of the diet (Gophen et al.
1990).

" The effect the changes in the upper part of
the ecosystem have on the phytoplankton is
unknown. We therefore assume that the biomass
and production of phytoplankton did not change
between the two time periods.

Results and Discussion

Figs. 2 and 3 present our key results, i.e,
graphical representations of the models for 1974-
1976 and 1980-1983, respectively. A summary of
the main results is given in Table 4.

For the 1974-1976 period, our biomass
estimates for the predators (10t’km2)and clupeids
(18 tkm?) are very close to the estimates of
Herman (1978) and Coulter (1981), who reported
total pelagic stock biomasses of 25-30t km2, (i.e.,

Table 1. Input parameters used in ECOPATH II for the periods 1974-1976 and 1980-1983. Note
names as used in Figs. 2 and 3. Catches are in tkm2-year, while P/B is yearl.

Catch? P/B
Species/group 1974-1976 1980-1983 1974-1976 1980-1983
Lates spp. 06 0.05 0.45b 0.554
Luciolates stappersii 3.5 1.81 0.75¢ 0.904
Limnothrissa miodon 1.4 0.81 3.004 4.00°
Stolothrissa tanganyicae 6.5 3.10 5.004 5.50¢
Zooplankton 0.0+ 0.0 26.00f 26.00f
Phytoplankton 0.0 0.0 450.008 450.008

3 1974-1976 data from Coulter (1977, 1981); 1980-1983 data from Roest (1988) and Petit (1989,

1990).
b Method of Lévéque et al. (1977).
¢ Nyakageni (1985).
d Roest (1988); Moreau and Nyakageni (1992).
¢ Moreau et al. (1991).
f Burgis (1983).
g Hecky and Fee (1981).
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Table 2. Food consumption per unit biomass (Q/B) and related statistics of the main consumer groups in Lake Tanganyika.

Species/group Period W, K Q/Be? Sources
(gww) (year!) K, (year?)

Lates spp. 1974-1976 6,000.0 0.17 3.5 1.80 VBGF from Coulter (1976),
K, from Lauzanne (1978)
for “predators”

Luciolates 1974-1976 1,250.0 0.35 45 475 VBGF from Moreau and

stappersii 1980-1983 1,150.0 0.40 45 5.50 Nyakageni (1992), K, from
M. Pearce (unpubl.)

Limnothrissa 1974-1976 228 1.22 9.0 17.70 VBGF from Moreau et al.

miodon 1980-1983 25.0 1.20 9.0 21.00 (1991), K, from Lauzanne
(1978)

Stolothrissa 1974-1976 9.0 3.50 11.0 4440 VBGF from Moreau et al.

tanganyicae 1980-1983 11.2 2.50 11.0 38.40 (1991), K, from Lauzanne
(1978)

Zooplankton 1974-1983 - - - 110.00 assumed?®

2 The Q/B estimates for fishes are based on the parameters W_ and K of the von Bertalanffy growth function (VBGF), estimates
of food conversion efficiency (K, ) and the empirical food consumption model of Pauly (1986), as implemented in Jarre et al.(1990).
Egestion and excretion rates used (for all groups) were 20% of Q/B, totally, which probably represent an underestimate for
zooplankton.

b This value divided by the corresponding P/B ratio in Table 1 leads to a gross food conversion efficiency of 0.24, an acceptable
value (Payne 1986).

Table 3. Diet composition (in % of weight) of the major trophic groups in Lake Tanganyika for both 1974-1976 and 1980-1983 (except for

zooplankton, for which two sets of values are provided). Prey (6) is phytoplankton and (7) is detritus.

Prey
Predator
1 2 3 4 5 6 7 Sources
1.  Lates spp. 1 5 18 72 4 - - Coulter (1976)
2. Luciolates stappersii 1 5 10 80 3 1 - Nyakageni (1985)
Coulter (1976)
3. Limnothrissa miodon - - 4 16 78 2 - Henderson (1976)
Coulter (1977)
4. Stolothrissa tanganyicae - - 1 1 95 3 - Chapman and van
Well (1978)
5. Zooplankton - - - - 5 90 5 1974-19762
- - - - 10 85 5 1980-1983"
3 Modified from Burgis (1983) and Hecky and Kling (1981).
b Modified from Gophen et al. (1990).
Table 4. Summary of 1974-1976 and 1980-1983 models of the Burundi sector of Lake Tanganyika.
Production Biomass Food intake
(tkm2year!) (tkm2) (tkm2-year!) Trophic?
Group 1974-1976 1980-1983 1974-1976 1980-1983 1974-1976 1980-1983 level
Lates spp. 1.1 0.2 24 0.5 4.3 1.0 4.1
Luciolates stappersii 5.9 2.9 7.8 3.2 37.1 176 41
Limnothrissa miodon 16.1 6.2 54 15 95.0 325 3.2
Stolothrissa tanganyicae 63.3 26.2 12.7 4.8 561.8 183.2 3.0
Zooplankton 824.9 379.5 31.7 14.6 3,489.9 1,605.5 2.1
Phytoplankton 3,330.0 2,880.0 7.4 6.4 - - 1.0

2 Values applying to both periods.

10 tkm™ of predators and 15-20 t’km2 of clupeids).
The zooplankton biomass estimates (31.7 tkm™) are
within the range proposed by Burgis (1983).

For 1980-1983, the computed biomass of fishes
was almost three times lower than in 1974-1976 (10.1
tkm against 28 tkm? previously). This is true for
both predators and clupeids. This considerable decrease

of fish biomass is in agreement with the finding of
Roest (1978) and Herman (1978), who noted that in
the northern and southern part of Lake Tanganyika,
fish biomass dropped to about 12.2 t km, a very low
level.

The change in the total production of zooplankton
(from 813 t0 379t km2?year!)isremarkable evenifthe
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Fig. 2. Flowchart for the Lake Tanganyika model for 1974-1976. All flows are in tkm2year™.

lower value is still in the range proposed by Burgis
(1983). Studies in other ecosystems have shown a
similar pattern, with zooplankton production
decreasing following collapse of stocks of planktivorous
fish, e.g., in the Peruvian upwelling system (Carrasco
and Lozano 1989). This reduction may be attributed to
a changed size structure of the group and increased
within-group predation, as previously discussed
(Gophen et al. 1990).

* This paper's estimate of phytoplankton biomass
for 1975 is slightly higher than those of Ferro (1975)
and of Hecky and Kling (1981) who published values
of 4.9 and 6.4 tkm?, respectively. These estimates
(like the authors') are, however, rather uncertain
given the known seasonal variability of phytoplankton
biomass in Lake Tanganyika (Payne 1986), as they
were based on extrapolation of seasonal values to an
entire year. However, for the 1980-1983 model, the
authors assumed the phytoplankton biomass to be 6.4
tkm (Hecky and Kling 1981). A noteworthy feature
ofthe 1980-1983 modelis that the ecotrophic efficiency
for phytoplankton is estimated to be 0.48, which
indicates that a major part of the phytoplankton
production dies off due to reduced predation pressure
from the zooplankton.

For the northern part of the lake, the Burundi

sector, the biomasses of the pelagic fishes in the mid-
1970s were estimated to be 28 t-km2 which exceeded
those in the early 1970s, 21 t-km?2, the average for the
lake as a whole, as reported by Mathisen (1976). The
1974-1976 period appears to have corresponded to an
increased activity of the fisheries, following a local
civil war, and it is tempting to propose that, during
this period, the fish catches roughly corresponded to
“maximum sustainable yield”. This was first proposed
by Coulter (1981), who, moreover, pointed out the
strong variability of pelagic fish biomasses in Lake
Tanganyika.

These biomass changes are largely due to the
variable recruitment of clupeids, which appears to be
linked to changes in intensity and duration of the
rains leading, via terrigenic nutrients, to changes of
plankton biomasses. An alternative interpretation of
these changes of biomass is the possible influence of
rains and upwelling (Coulter 1981; B. Nyakageni,
unpubl.). These changes in clupeid biomasses are then
tracked, with some lag time, by changes in the
recruitment and biomass of Luciolates stappersii(Roest
1988).

The fishery catches for 1980-1983 are about 50%
lower than for 1974-1976 and the biomasses are reduced
by a similar factor (see Tables 1 and 4). This is
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Fig. 3. Flowchart for the Lake Tanganyika model for 1980-1983. All flows are in tkmZ?year.

supported by a reduction of about 40% from 1974-1976
to 1980-1983 of the catch/effort based on official catch
statistics of Burundi (Petit 1989).

There are several explanations for the changes in
the fish biomasses over the time period studied here.
One may be based on the observation that the decline
of the larger predators was relatively steeper than
that of the clupeids (Table 4), leading to a decrease of
the predatory impact of Lates spp. This again may
have led to an increased longevity of the clupeids
(Moreau et al. 1991). Given a continued high plankton
production (Burgis 1983 and see Table 4), these changes
may have led, finally, to an increased production of
nonrecycled detritus, as the lake is too deep to allow
recycling of detrital aggregates. Thus, seen from a
fishery-oriented perspective, the ecosystem now
functions less optimally than previously.

This hypothesis, although plausible, cannot be
substantiated through a closer examination of the
data. The mixed trophic impacts for the two periods
are shown in Table 5. As can be seen, the large
predators do not have any noteworthy trophic impact
on the Stolothrissa in either of the models. The major
predators are,in both models, the small predators and
Limnothrissa. This suggests that the changes were
not likely to be caused by top-down control; it could

Table 5. Mixed trophic impact of the groups in Lake
Tanganyika (Burundi sector) on the clupeid,
Stolothrissatanganyicae. See Christensen and Pauly
(this vol.) for a definition of trophic impact.

Period
Group 1974-1976 1980-1983
Large predator -01 -.01
Small predator -11 -14
Limnothrissa -.08 -.08
Zooplankton 0.33 0.41
Phytoplankton 0.32 0.37
Detritus 0.02 0.02
Fishery 0.01 0.01

easily be that other mechanisms cause fluctuations in
Stolothrissa recruitment. ,

Finally, this paper deals with the northern part of
Lake Tanganyika anditcannot be directly extrapolated
to all the lake. In the southern part (M. Pierce,
unpubl.), the feeding habits of Luciolates are quite
different (up to 50% of the bulk of the food of the adults
consists of plankton and shrimps); more generally,
fishing activ